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ABSTRACT 
Organisms require a great deal of behavioral plasticity to accomplish the tasks 
associated with reproduction. In addition to day-to-day activities, breeding animals must 
establish a territory, find a mate, find a place to raise offspring, mate and rear offspring. 
While organisms are breeding, they also have to behave appropriately to conflicting 
stimuli. For example, a parent may shift from being aggressive toward intruders to 
carefully tending young. A variety of studies have focused on how the brain changes at 
the beginning or end of the breeding season (Gozdowska et al., 2006; Hairston et al., 
2003; Meitzen et al., 2009; Nakao et al., 2008; Paul et al., 2009), but less is known 
about how the brain, mediates behavioral plasticity during the breeding season. This is 
an unfortunate gap in our knowledge as the physiological and behavioral changes that 
occur within a single breeding cycle can be just as profound as those between the non-
breeding and breeding seasons. Even less is known about neural mechanisms 
mediating behavioral plasticity in a species with paternal care, where the male is the 
sole provider of parental care, since most studies have focused on species with 
maternal or biparental care.  
  To begin to understand how the brain mediates behavioral plasticity within a 
breeding season, we measured brain activation in male three-spined sticklebacks. First, 
we developed a method for quantifying brain activation by measuring the expression of 
an immediate early gene using whole mount in situ hybridization (WISH) (Chapter 1). 
The method uses mini mRNA probes that are capable of penetrating the whole brain; 
therefore, we have named this technique, mini-probe WISH (mpWISH). Second, we 
compared brain activation across the stickleback breeding cycle, which is marked by 
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dramatic changes in behavior (Chapter 2). Finally, we quantified differences in behavior 
and brain activation in breeding males in response to ecologically relevant stimuli 
(Chapter 3). Collectively, these studies show that not only are behavior and neural 
activation context dependent in the stickleback but also specific brain areas are 
constitutively active at differing levels during the breeding cycle.  
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When you get into a tight place and everything goes against you, till it seems as though 
you could not hang on a minute longer, never give up then, for that is just the place and 
time that the tide will turn.  
Harriet Beecher Stowe 
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CHAPTER 1: QUANTITATIVE WHOLE MOUNT IN SITU 
HYBRIDIZATION PROTOCOL 
 
ABSTRACT 
We developed a new method for measuring gene expression in whole mount 
brain preparations using in situ hybridization and confocal microscopy using three-
spined sticklebacks as a model organism. We call the method mini-probe whole mount 
in situ hybridization (mpWISH). mpWISH is an improvement over traditional whole 
mount in situ hybridization methods because mpWISH allows for both spatial 
expression in the brain and quantitative analysis of expression. The mpWISH method 
uses mini-probes linked to fluorescent tags, which allows complete penetration of 
mRNA probes into tissue and therefore quantitative results. We used probes created for 
the immediate early gene Egr-1 to illustrate how this new whole mount ISH procedure 
can be used to quantify brain activation. We validate the method by showing that the 
mpWISH method produces similar results to quantitative PCR (qPCR).  
 
 
INTRODUCTION 
 There is growing interest in measuring neural activity in small vertebrate species 
using in situ hybridization (ISH) to quantify immediate early gene expression (tilapia: 
Aruna et al., 2012; zebra finches: Bailey & Wade, 2005; anole: Beck & Wade, 2009; 
tungara frog: Chakraborty et al., 2010; Japanese quail: Charlier et al., 2005; cichlid: 
Burmeister & Fernald, 2005; Frances et al., 1993; White et al., 2002; Wood et al., 2011; 
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newt: Hasunuma et al., 2010; medaka: Okuyama et al., 2011; goldfish: Rajan et al., 
2011). There are multiple ISH protocols, including whole mount brain ISH (WISH) and 
fluorescence ISH (FISH). The majority of current ISH protocols can reveal the location 
of gene expression, but brain tissue must be sectioned before gene expression can be 
quantified (Bretaud et al., 2007; Guo et al., 1999; Wilkinson & Nieto, 1993). Another 
limitation of existing protocols is that some whole-mount tissue can be difficult to 
penetrate with the relatively long probes or signal tags that are used in existing 
protocols (Raj et al., 2010).  
Here, we report a new technique we call “mini-probe whole mount in situ 
hybridization (mpWISH)” to simultaneously detect, localize and quantify the expression 
of single or multiple genes in whole-mount brains using three-spined stickleback 
(Gasterosteus aculeatus) as a model organism. This protocol is similar to traditional ISH 
techniques (Cox et al., 1984; Wilkinson & Nieto, 1993) but uses different concentrations 
of solutions and is much faster. Combined with confocal microscopy, mpWISH offers 
the spatial benefits of WISH and the imaging benefits of FISH. In addition, mpWISH 
allows for both spatial localization and quantification of gene expression in whole mount 
tissue.  
Although the mpWISH technique should work for any gene of interest, we chose 
to measure the expression of an immediate early gene (IEG), which are often used as 
an indicator of neural activation (for review see: Clayton, 2000; Hofmann, 2010; Okuno, 
2011; Robinson et al., 2008). A typical experiment involves comparing IEG expression 
between individuals in a baseline, unstimulated treatment to individuals in different 
behavioral states or after exposure to a stimulus. Measuring the expression of an IEG 
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illustrates the benefits of the new mpWISH protocol because quantitative IEG 
expression is more beneficial than simply detecting the absence or presence of IEGs.  
The new mpWISH protocol uses 48 mini-probes (Stellaris, Biosearch 
Technologies). The mini-probes are tagged with a fluorescent marker (Quasar 570) on 
each probe. There is no base pair overlap between the mini-probes. Instead, there is a 
space in the sequence between each 20bp probe along the gene of interest. Probes in 
traditional ISH procedures can be >10 kbp and can result in non-specific staining when 
a small section of the long probe falls off of target sequences. The short probes used in 
the mpWISH method minimize non-specific signals because there are fewer dyes per 
unit of DNA. Moreover, if a genome sequence is available (as it is for stickleback), the 
probes can be designed to be specific to a target sequence. The short mini-probes are 
also better at completely penetrating brain tissue with fluorescent markers than the 
longer probes used in many existing ISH protocols (Cox et al., 1984; Raj et al., 2010; 
Raj and Tyagi, 2010). For a signal to be detected with the mini-probes, at least 30 
different mini-probes need to bind to the same mRNA sequence  (Batish et al., 2011), 
and the number of mini-probes bound in a distinct area of the brain provides a 
quantitative measure of expression. Using confocal microscopy, the spatial distribution 
of gene expression in the brain can be mapped and the brain can be imaged in 
sections, thereby providing a quantifiable area to compare across treatments. This 
technique is shorter and more efficient than traditional methods and reduces the 
number of potential confounds. Moreover, it is less expensive and is gaining popularity 
compared to traditional ISH techniques (Barkoulas et al., 2013; Bolt et al., 2013; Batish 
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et al., 2012; Peterson et al., 2012; Harterink et al., 2011; Itkovitz et al., 2011; Korzelius 
et al., 2011; Steine et al., 2011; Topalidou & Chalfie, 2011)  
 
METHODS 
 
Overview 
 I used mpWISH to measure IEG (Egr-1) expression in whole-mount three-spined 
stickleback brains in brains collected during the day and night. To validate the mpWISH 
results, I performed the same experiment but used qPCR to measure Egr-1 expression. 
I also report an experiment using probes from a honeybee to test for the specificity of 
the StellarisTM mini-probes. 
 
Stellaris Probes 
I designed probes specific to the three-spined stickleback Egr-1 gene from the 
gene transcript (ensembl) (Table 1). Biosearch Technologies synthesized 48 mini-
probes with a tag on each individual probe (Table 2). All 48 probes were specific for 
stickleback Egr-1 and designed to bind on the mRNA in 20bp increments with a single 
base pair in between each probe. The mini-probes were reconstituted in tris-EDTA, 
aliquotted into smaller portions and were stored at -20°C until needed. 
 
Tissue Preparation 
 I compared Egr-1 expression between brains that were collected during the day 
(between 1200-1400, when fish were active) and night (between 0000-0200, when fish 
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were not active). Fish were caught by net and rapidly decapitated. Brains were then 
quickly dissected out of the skull with micro-rongeurs (FST, Foster City, CA). Once 
removed, a subset (n=11 for day, n=7 for night) of the brains were used in the mpWISH 
protocol and were placed in 4% paraformaldahyde overnight at 4°C for tissue fixation. 
After the initial fixation, brains were cleaned of dura and other excess tissue and placed 
in 100% methanol at -20°C until the brains were processed. The remaining brains (n=5 
for day, n=5 for night) were placed in TRIzol (Invitrogen, Carlsbad, CA) until they were 
analyzed using qPCR (see below). I also collected brains at 1200 (n=3) to test the 
specificity and background generated from Stellaris probes using probes designed for a 
gene not found in the stickleback genome.  
 
In Situ Hybridization and Imaging 
Brains were prepared for hybridization through sequential rehydration from 100% 
methanol, used to quench endogenous peroxidase activity, into PBS with Triton-X 
(Promega, Madison, WI). Triton-X, a non-ionic detergent, was used to increase cellular 
permeability. Next, brains were treated with 2 µg/ml proteinase K (Invitrogen, Carlsbad, 
CA) for 20 minutes to inactivate nucleases and to digest cellular protein, thereby making 
the target RNA more accessible. Pilot experiments showed that, if left in proteinase K 
longer then 20 minutes, brains started to disintegrate therefore 2 mg/ml glycine for 20 
minutes was used to stop the proteinase K reaction. The brains were then refixed in 4% 
paraformaldahyde for 20 minutes. To reduce autofluorescence, brains were treated with 
2 mg/ml glycine plus 75mM ammonium acetate. Brains were then prepared for 
hybridization by incubating them in a prehybridization solution containing 2X SCC, 15% 
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formamide (Fisher, Fair Lawn, NJ), 1% blocking solution (Roche, Indianapolis, IN), 0.5% 
CHAPS, 0.1% Triton-X, 1 mg/ml yeast tRNA (Promega, Madison, WI), 5mM EDTA, 100 
mg/ml Dextran Sulfate and 1X Denhardt’s solution at 37°C for four hours. Brains were 
submerged in 500µl of prehybridization solution with one brain in a single well of a 48-
well microtiter plate (Becton Dickinson, Franklin Lakes, NJ). Finally brains were placed 
in the fresh prehybridization solution with the addition of either Egr-1 mini-probes tagged 
with Quasar 570 at 1:100 for 17 hours at 37°C. 
 Hybridized brains were put through several post-hybridization stringency washes 
to remove any non-specific or unbound probe.  The first wash solution contained 15% 
formamide, 2X SCC, 0.1% Triton-X and 0.5% CHAPS. The next washes used 
sequential dilutions of the first wash solution: 3:1, 1:1 and 1:3 in 2X SCC. After the 
stringency washes, the brains were dehydrated sequentially into 100% methanol to 
prepare for tissue clearance. To prepare for imaging, brains were moved from 100% 
methanol to 100% methyl salicylate until the tissue cleared and thus was transparent. 
The brains were then covered to prevent photobleaching. 
 The whole mount brains were processed on a LSM 710 Zeiss confocal 
microscope. Brains were focused on the microscope and then 12 tile images were taken 
for each optical section to allow for the entire brain to be analyzed at one time. Optical 
sections were 7µm thick. The tiles and sections were compiled together to give a 
complete image of the brain. Pictures were taken and processed using software 
provided by Zeiss, Zen 2010. Figure 1 shows a schematic of the four different brain 
areas analyzed. 
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Images were analyzed using NIH software ImageJ. Brain images were first used 
to measure thickness and then key landmarks were identified, such as the anterior and 
posterior commissures. The two commissures were used to determine the location of 
brain areas. There is no brain atlas for the stickleback brain therefore, I used brain 
atlases from other teleost species as well as previous immunohistochemical studies in 
sticklebacks (Anken and Rahmann, 1994; Burmeister et al., 2009; Cerda-Reverter et al., 
2008, 2001a, 2001b; Ekstrom, 1994; Ekstrom & Ohlin, 1995; Ekstrom et al., 1995, 1992, 
1986, 1985, 1984; Honkanen & Ekstrom, 1991; Peter & Gill, 1975; Peter et al., 1975; 
O’Connell & Hofmann, 2011; Wulliman et al., 1996). I measured total Egr-1 expression 
in four areas important for visual processing (Figure 1) to demonstrate the specificity 
and versatility of mpWISH. Specifically, I looked at the glomerular nucleus, pretectal 
nucleus (magnocellular area), longitudinal torus and valvula cerebelli. I chose to look at 
visual processing areas to test the prediction that daytime brains would show more 
activation compared to brains collected during the night when it was dark. Every optical 
section obtained from the microscope was measured for mean gray value (MGV), a 
measurement of optical density (Bretaud et al., 2007; Ferreira & Rasband, 2011; Guo et 
al., 1999). To control for fluorescent signal background, a second MGV (control) was 
also taken in an area on the section where no staining should have occurred (e.g. 
ventricle).  The second MGV was subtracted from the first to account for possible bleed 
through of signal between sections. To control for overall brain thickness, the MGV-
controls were averaged for each brain based on the number of sections available for 
measurement. Because the optical sections were only 7µm thick, there was a chance 
that a key part of an area might have been missed in a single section. Therefore, I 
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measured the area in five consecutive optical sections and computed the average of the 
five sections for each area. 
 
Mini-probe BLAST 
 To test whether the Stellaris probes designed for Egr-1 mRNA might bind to 
other mRNAs, I blasted the sequence of each mini-probe generated by Stellaris to the 
entire stickleback genome (Ensembl, Table 3). I recorded which gene(s) had exact 
matches to the mini-probe sequence along with its physical location on a chromosome 
(linkage group). 
 
qPCR 
qPCR was used to confirm the mpWISH results. Total RNA was extracted by 
homogenization of whole brains in Trizol (Gilbco, Grand Island, NY).  RNA was then 
purified using the RNeasy kit according to company specifications (Qiagen, Valencia 
California).  The RNA was tested for purity and quantity using a Nanodrop 
spectrophotometer ND 1000 (Thermoscientific, Wilmington, DE). Total RNA from each 
sample was reverse transcribed using the SuperScript® III First-Strand Synthesis 
System (Invitrogen).  
qPCR was conducted on the Applied Biosystems 7900HT (Applied Biosystems, 
Foster City, CA) using the FastStart Universal SYBR Green Master (ROX) (Roche 
Diagnostics GmbH, Mennheim, Germany) following the manufacturer’s 
recommendations. Forward and reverse primers for validation were designed from the 
Egr-1 gene transcript (Table 1) and the GAPDH gene transcript using the Primer 
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Express® Software v1.0  (Applied Biosystems, Foster City, CA) and ordered from 
Integrated DNA Technologies (IDT, Coralville, IA) (Table 4). As an internal control, I 
averaged the expression values of a single reference gene, the housekeeping gene 
Glyceraldehyde 3-phosphate dehydrogenase(GAPDH). Each reaction was run in 
triplicate and a dissociation curve was used to assess a single amplicon. No template 
controls (NTC) were included in the reaction to ensure the specificity of amplification. A 
standard curve was computed using a 10x serial dilutions of samples made by pooling 
equal quantity of all samples. A standard curve was run for Egr-1 and GAPDH 
separately. 
 
Negative Control 
 Traditional ISH protocols require a negative control because the probes are long, 
in some cases >10 kb, and are labeled with dyes or enzymes to produce a color 
reaction. If a small part of the long probes bind to an off-target mRNA sequence, the 
long probes give a non-specific signal.  In addition, long probes heavily labeled with 
dyes can cause non-specific background noise when the dye binds to cellular 
structures. In contrast, the Stellaris probes are short individual oligonucleotides. For a 
signal to be observed with the mini-probes, at least 30 different probes have to bind on 
the same gene (Batish et al., 2011).  Stellaris probes have significantly fewer dyes per 
unit mRNA, so non-specific binding to cellular structures is greatly reduced or 
eliminated. However, it is still possible that the Stellaris probes might bind 
nonspecifically. To test this possibility, I used mini-probes created to target a gene not 
found in the stickleback brain. I used a sense probe specific for c-Jun in honeybees 
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(Table 5). The stickleback brains (n=3) were also stained with a nuclear stain (DAPI) to 
show that staining occurred, but not for the negative control probe set. Although DAPI is 
able to permeate the cell membrane, DAPI is unable to completely penetrate whole 
mount tissue. 
 
Statistics 
 All statistical analyses were run using SPSS 20. All MGV values were first log-
transformed to normalize the data. A univariate general linear mixed model with MGV 
as the dependent variable and time (day or night) and brain area as the fixed factor was 
used to compare the four different visual processing brain areas as well as looking for 
an interaction between the dependent and fixed factor. Individual univariate ANOVAs 
were run on each brain area to compare differences between day and night for each 
brain area. A t-test was used to compare the relative Egr-1 expression estimated by 
qPCR between day and night in whole brain homogenates. 
  
RESULTS 
 
In Situ Hybridization  
Egr-1 expression in brain areas associated with visual processing was 
differentially expressed between day and night (Figure 2).  Brains removed during the 
day (n=11) showed significantly more overall Egr-1 expression compared to brains 
removed at night (n=7) (F1,64=12.141, p<0.05). There was not a significant effect of 
brain area measured (F3,64=1.075, p>0.05) or between time and brain area (F3,64=1.262, 
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p>0.05). Individual ANOVAs showed a significant difference between day and night in 
all brain areas (glomerular nucleus: F1,6=7.883, p<0.05; pretectal nucleus: F1,16=11.763, 
p<0.01; valvula cerebelli: F1,16=6.781, p<0.05) except for the longitudinal torus 
(F1,16=4.266), where the difference was marginally significant (p=0.055). Representative 
samples of brain images comparing Egr-1 expression between day and night are in 
Figure 3. 
 
qPCR  
Brains removed during the day (n=5) showed significantly more expression 
compared to brains removed at night (n=5) (t=4.6742, df=4, p<0.01, Figure 4), showing 
the same pattern seen with mpWISH, therefore confirming the mpWISH results.  
 
Negative control 
 When we used a probe-set targeting a gene (c-Jun) from a different organism 
(honeybee), no staining was observed (Figure 5b). However, staining was observed 
with DAPI showing the outlines of the brains (Figure 5a).  
 
 
DISCUSSION 
 
 Many areas of biology use in situ hybridization to determine where particular 
genes are expressed. In situ hybridization has been particularly useful in neuroscience 
research because the brain is such a heterogeneous tissue. However existing in situ 
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methods often suffer from non-specific hybridization, and are not always suitable for 
whole-mount preparations because the probes do not completely penetrate the tissue. 
Indeed, existing protocols require the additional laborious step of sectioning in order to 
quantify gene expression. Here, I show that a new whole mount in situ hybridization 
method combined with confocal microscopy overcomes these limitations and can be 
used to measure the expression of an immediate early gene in whole mount stickleback 
brains. 
 Using mpWISH, we showed that Egr-1 expression is higher during the day 
compared to the night in areas of the brain associated with visual processing. This 
finding is consistent with other studies showing increased brain activation during the day 
(reviewed in Cirelli, 2005). In addition, we confirmed these results using another method 
(qPCR), thereby validating the mpWISH method. qPCR is a useful tool for quantifying 
gene expression, but unlike in situ, does not allow the researcher to simultaneously 
compare expression in different brain areas. Interestingly, the qPCR results on whole 
brain extracts were similar to the patterns observed in particular brain areas using 
mpWISH. 
 A potential concern with the mpWISH method is that because the miniprobes are 
so short, they might not be specific to a target gene. To evaluate this possibility, we 
used BLAST to determine the specificity of the probes within the stickleback genome. 
Only two mini probe sequences were seen on different genes within the stickleback 
genome. One gene has no known function but a known location within the genome and 
the other is Egr-2, a sister IEG to Egr-1. Given that at least 30 different probes need to 
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bind along the mRNA sequence of interest (Batish et al., 2011) it is unlikely that we 
observed a signal for a gene other than Egr-1.  
Another potential concern with this method is that the fluorescent tags might fall 
off and stick non-specifically to the brain tissue. We tested whether the fluorescent 
markers showed non-specific signals in the stickleback brain. We used probes created 
to a gene sequence not found in the stickleback brain, provided by Dr. Gene Robinson’s 
lab (cJun in honeybee). No staining occurred when using the honeybee probe, 
indicating that the fluorescent markers do not bind non-specifically and are washed out 
during the post-hybridization stringency washes. 
 Therefore these studies show that the mpWISH protocol allows us to detect and 
quantify differential gene expression in the brain of a small vertebrate. It is likely that this 
method will prove to be useful in addressing a multitude of questions, from neural 
activation to neural plasticity.  
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CHAPTER 2: HOW FATHERS’ BRAINS CHANGE DURING 
REPRODUCTION 
 
ABSTRACT 
Seasonally reproducing animals undergo dramatic changes during breeding. In many 
species, animals must establish a territory, obtain a mate and provide parental care for 
their offspring. The transition between each of these activities requires coordinated 
changes in the brain and behavior. While we are beginning to understand the neural 
mechanisms underlying changes in the female brain during breeding, we know less 
about what occurs in the brains of fathers, especially during the transition to 
parenthood. Previous studies in mothers have shown dramatic increases in neural 
activation in the preoptic area and the bed nucleus of the stria terminalis (BNST) when 
females transitioned into parenthood. I assessed the role of the brain in mediating shifts 
in behavior by measuring changes in brain activation across the breeding cycle in male 
sticklebacks (Gasterosteus aculeatus). Using whole mount in situ hybridization, I used 
the expression of an immediate early gene (Egr-1) as an indicator of brain activation. 
Regions of the brain such as the hypothalamus, specifically the preoptic area, ventral 
medial hypothalamus as well as the telencephalon were activated during the breeding 
cycle, and activation was highest when males were caring for offspring. 
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INTRODUCTION 
Seasonal organisms require behavioral plasticity to accomplish the tasks 
associated with reproduction such as establishing a territory, finding a mate, finding a 
place to raise offspring, and caring for offspring. Several studies have focused on how 
the brain changes as the breeding season approaches or ends (stickleback: 
Gozdowska et al., 2006; vole: Hairston et al., 2003; Gambel’s white-crowned sparrow: 
Meitzen et al., 2009; for review see, Nakao et al., 2008; Siberian hamster: Paul et al., 
2009). However, less is known about how the brain mediates behavioral plasticity 
needed for successful reproduction within a breeding season. Understanding the neural 
mechanisms mediating behavior during a single breeding cycle is a gap in our 
knowledge because the physiological and behavioral changes that occur within a 
breeding episode can be just as profound as those between the non-breeding and 
breeding seasons. In addition, little is known about the neural mechanisms mediating 
behavioral plasticity in a species where the male is the sole provider of parental care.  
Here, I tested the hypothesis that brain activation changes as males transition 
between stages of the reproductive cycle in male three-spined sticklebacks 
(Gasterosteus aculeatus). I measured brain activation in brain areas associated with the 
social behavior network (Newman, 1999, Crews, 2003; Goodson, 2005; O’Connell & 
Hofmann, 2011) and with other brain areas that have been linked with social behavior. 
Sticklebacks are an attractive system for studying brain-behavior interactions during 
breeding because males provide all of the parental care that is necessary for offspring 
survival. Therefore, this system offers the opportunity to compare the brain regions that 
are involved in the transition between parenting and other breeding activities in males to 
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the existing literature based primarily on studies of females. Sticklebacks are also good 
subjects for this work because their reproductive behavior has been thoroughly studied 
in both lab and field environments (reviewed in Ostlund-Nilsson et al., 2007; Wootton, 
1976; Burkhardt, 2005; Dawkins et al, 1991; Kruuk, 2003). In addition, the stickleback 
genome has recently been sequenced (Gibson, 2005; Gewin, 2005; Barber & 
Nettleship, 2010), thereby allowing the development of probes specific for particular 
genes based on the stickleback genome. Brain areas within the social behavior network 
can be found within the stickleback brain, although exact locations are still being 
elucidated. To date, only one study (Segaar, 1961) has explicitly examined the role of 
the brain, specifically the telencephalon, during the breeding cycle in male sticklebacks. 
The telencephalon in sticklebacks includes the amygdala, bed nucleus of the stria 
terminalis/medial amygdala, hippocampus, nucleus accumbens and lateral septum. The 
telencephalon and its connections to more caudal brain regions have been implicated 
with aggression, sexual behavior and parental behavior in male sticklebacks (Segaar, 
1961).  
During the breeding season, male sticklebacks undergo dramatic changes in 
behavior. The breeding cycle is completed within approximately two weeks and is 
divisible into five clearly-defined stages that are characterized by differences in behavior 
(Wootton 1976). During the territorial stage, males defend an area from other 
sticklebacks and predators and begin to build a nest by gathering nesting material 
(algae, plant debris) and digging in the substrate. During this stage, males are very 
aggressive to other males, female sticklebacks and heterospecifics. The courtship stage 
begins when the male has completed his nest, as marked by the characteristic 
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“creeping through” behavior, when the male burrows a tunnel through the nest. During 
the courtship stage, males remain aggressive to other males and to heterospecifics, but 
court females. When a female mates with a male, she swims through the tunnel in his 
nest, deposits her eggs and the male fertilizes the eggs. Then, the female leaves the 
male’s territory and the male enters the tending egg stage. During the tending egg 
stage, the male fans the eggs to oxygenate them, and defends the nest from egg 
predators, including other sticklebacks (Candolin, 2000, Scotti & Foster, 2007). Male 
sticklebacks often continue to court other females for approximately three days after his 
first mating, but then become aggressive to female intruders. The male incubates the 
eggs for 5-6 days, after which the eggs hatch and the male enters the tending fry stage. 
During this stage, the male maintains high levels of aggression toward intruders, and 
engages in retrieval behavior when the fry start to swim from the nest. The tending fry 
stage lasts for approximately seven days, after which the fry disperse from his territory. 
Previous studies have shown that males are very active during the tending fry stage 
(Segaar, 1961; Stein and Bell 2012). Finally, the male enters the post-breeding stage. 
Males will typically start to build another nest, either on the same or different territory, 
within one week after the fry disperse. Sticklebacks used in the current study live 
approximately one year and often reproduce several times during a breeding season. 
To examine how the brain mediates behavioral plasticity during breeding, I 
looked at changes in brain activation patterns in wild-caught male sticklebacks across 
the breeding cycle using the immediate early gene (IEG), Egr-1, as a marker of neural 
activation (for review see, Clayton, 2000, Fernald, 2012, Hofmann, 2010, Robinson et 
al., 2008). Although IEGs have typically been used to measure brain activation in 
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response to a stimulus, there is also evidence that IEGs mediate relatively long-lasting 
differences in brain activation (reviewed in Cirelli, 2005; Robinson et al., 2008). For 
example, male birds with nests had more IEG-positive cells in the hypothalamus and 
the telencephalon compared to males with no nest (European starlings: Heimovics & 
Riters, 2007; Kelm et al., 2011; house sparrows: Riters et al., 2004).  I employ a new 
method called mini-probe whole mount in situ hybridization (mpWISH) to analyze 
changes in the expression of the IEG, Egr-1 during each of the five breeding stages. I 
completed a number of experiments to validate mpWISH protocol that are reported in 
the Supplementary Materials section. 
I measured Egr-1 expression in ten different brain areas that have been 
implicated with reproduction and social behavior in other vertebrate species: the bed 
nucleus of the stria terminalis (BNST)/medial amygdala, lateral septum, preoptic area, 
anterior hypothalamus, ventromedial hypothalamus, basolateral amygdala, nucleus 
accumbens, ventral tegmental area, hippocampus and periaqueductal gray. Other 
studies have shown that brain activation in both mothers and fathers is highest when 
offspring are present (reviewed in Numan and Insel, 2003). However, it is important to 
note that to date, the studies that have measured brain activation in fathers have been 
carried out in species with biparental care, where males do not exhibit the full range of 
parental responsibilities. Because stickleback males are the sole providers of parental 
care, this system offers the opportunity to test whether fathers’ brains resemble 
mothers’ brains when fathers are the only caregivers.  
I compared brain Egr-1 expression across stages of the breeding cycle in male 
sticklebacks. Males were randomly assigned to one of the five different breeding stages, 
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sacrificed at the appropriate time point, and mpWISH along with confocal microscopy 
were used to measure neural activation. 
 
METHODS 
Animal use 
Three-spined sticklebacks were collected as juveniles from Putah Creek, 
California.  Fish were housed and handled according to University of Illinois Urbana-
Champaign IACUC standard guiding procedures. Fish were maintained in the laboratory 
in 104L tanks at approximately 16˚C under 8:16h light/dark photoperiod prior to the 
experiment. The water was filtered through particulate, UV, biological and charcoal 
filters. The adult fish were fed ad libitum with a mixture of bloodworms, brine shrimp and 
mysis shrimp daily. 
Once nuptial coloration was observed, male sticklebacks were individually 
housed in 9.5L (36 x 21 x 18 cm) tanks with a refuge (plastic ”plant”), an open plastic 
box (13 x 13 x 3 cm) filled with sand, and algae for nest building. The photoperiod was 
set to 16:8h light/dark and temperature was set to approximately 20˚C to simulate 
natural breeding conditions.  Males were randomly assigned to one of five breeding 
stage treatments (territorial, courtship, tending eggs, tending fry and post-fry). The 
experiment was carried out during the summer of 2011. 
 
Brain retrieval and storage 
 Males were sacrificed during one of five distinct breeding stages. Males were 
observed twice a day to determine their breeding stage. Brains from males assigned to 
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the territorial stage were removed after the fish started but not yet completed a nest. 
Brains from males assigned to the courtship stage were removed twenty-four hours 
after the male crept through his nest. Males assigned to the tending eggs stage were 
presented with a free-swimming gravid female introduced into their tanks 24 hours after 
he crept through. Females were weighed before and after being in the tank with a male 
to determine if the female laid her eggs. If the male did not mate with the female, a new 
female was introduced into the tank 12-24 hours later. The behavior of the male was 
observed for five minutes each day to assure that the male was providing parental care 
to the eggs (fanning nest, hovering near nest, oxygenating the eggs). Brains from males 
in the ‘tending eggs’ stage were removed three days after fertilization. The brains of 
males assigned to the tending fry stage were removed three days after the fry hatched. 
Seven days after the fry hatched, males assigned to the post-fry stage were transferred 
to a new tank and were sacrificed twenty-four hours later, after males had recovered 
from handling and were unlikely to have started a new nest. Therefore in this 
experimental design, males that were assigned to the post-fry stage went through all of 
the previous breeding stages, including caring for offspring. Once a male reached the 
appropriate stage, he was netted from the tank and rapidly decapitated. Males were 
sacrificed between 10 a.m.-2 p.m. The head was removed from the body just behind the 
operculum. The muscles at the base of the skull along with the skull were removed 
using rongeurs (FST, Foster City, CA). The eyes were detached from the optic nerve 
using fine inverted scissors (FST, Foster City, CA). The brain was then placed in 4% 
paraformaldahyde made in phosphate buffered saline (PBS).  
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 Twenty-four hours after brain collection, all brains were cleaned of dura, excess 
fibers and miscellaneous tissues using a stereomicroscope (Leica Microsystems Inc., 
Buffalo Grove, IL, USA) to view the brain. Fine forceps and fine inverted scissors were 
used for removal of all excess. Once the brains were clean they were placed in 100% 
methanol to quench endogenous peroxidase activity and stored at -20°C.  
 The final sample sizes were: territorial (n=9), courtship (n=8), tending eggs (n=6), 
tending fry (n=4) and post-fry (n=4). Fewer males were sampled in the later stages 
because not all males mated and/or successfully reared eggs or fry.  
 
In situ hybridization 
Brains were prepared for hybridization through sequential rehydration from 100% 
methanol, used to quench endogenous peroxidase activity, into PBS with Triton-X 
(Promega, Madison, WI). Triton-X, a non-ionic detergent, was used to increase cellular 
permeability. Next, brains were treated with 2µg/ml proteinase K (Invitrogen, Carlsbad, 
CA) for 20 minutes to inactivate nucleases and to digest cellular protein, thereby making 
the target RNA more accessible. Pilot experiments showed that, if left in proteinase K 
longer then 20 minutes, brains started to disintegrate therefore brains were placed in 
2mg/ml glycine for 20 minutes to stop the proteinase K reaction. The brains were then 
refixed in 4% paraformaldahyde for 20 minutes. To reduce autofluorescence, brains 
were treated with 2mg/ml glycine plus 75mM ammonium acetate. Brains were then 
prepared for hybridization by incubating them in a prehybridization solution containing 
2XSCC, 15% formamide (Fisher, Fair Lawn, NJ), 1% blocking solution (Roche, 
Indianapolis, IN), 0.5% CHAPS, 0.1% Triton-X, 1mg/ml yeast tRNA (Promega, Madison, 
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WI), 5mM EDTA, 100mg/ml Dextran Sulfate and 1X Denhardt’s solution at 37°C for four 
hours. Brains were submerged in 500µl of prehybridization solution with one brain in a 
single well of a 48-well microtiter plate (Becton Dickinson, Franklin Lakes, NJ). Finally 
brains were placed in the fresh prehybridization solution with the addition of the Egr-1 
mini-probes (Table 6) tagged with Quasar 570 at 1:100 for 17 hours at 37°C. 
 Hybridized brains were put through several post-hybridization stringency washes 
to remove any non-specific or unbound probe.  The first wash solution contained 15% 
formamide, 2XSCC, 0.1% Triton-X and 0.5% CHAPS. The next washes used sequential 
dilutions of the first wash solution: 3:1, 1:1 and 1:3 in 2X SCC. After the stringency 
washes, the brains were dehydrated sequentially into 100% methanol to prepare for 
tissue clearance. To prepare for imaging, brains were moved from 100% methanol to 
100% methyl salicylate until the tissue cleared and thus was transparent. The brains 
were then covered to prevent photobleaching. 
 
Imaging 
The whole mount brains were processed on a LSM 710 Zeiss confocal 
microscope. Brains were focused on the microscope and then 12 tile images (4x3) were 
taken to allow for the entire brain to be analyzed at one time. The thickness of the brain 
was also determined and 7µm sections were imaged. The tiles and sections were 
compiled together to give a complete image of the whole brain. Pictures were taken and 
processed using software provided by Zeiss, Zen 2010.  
 
Analysis 
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Images were analyzed using NIH software, ImageJ.  Whole brain images were 
first used to measure thickness and then key landmarks were identified, such as the 
anterior and posterior commissures. The two commissures were used to determine the 
location of brain areas. There is no brain atlas for the stickleback brain therefore I used 
brain atlases from other teleost species as well as previous immunohistochemical 
studies in sticklebacks (Burmeister et al., 2009; Cerda-Reverter et al., 2008, 2001a, 
2001b; Ekstrom, 1994; Ekstrom & Ohlin, 1995; Ekstrom et al., 1995, 1992, 1986, 1985, 
1984; Honkanen & Ekstrom, 1991; Peter & Gill, 1975; Peter et al., 1975; O’Connell & 
Hofmann, 2011; Wulliman et al., 1996). I measured Egr-1 expression in 10 different 
brain areas (Figure 6). Once a brain area was located, it was measured for mean gray 
value (MGV), a measurement of optical density (Bretaud et al., 2007; Ferreira & 
Rasband, 2011; Guo et al., 1999). To control for fluorescent signal background, a 
second MGV (control) was also taken in an area on the section where no staining 
should have occurred (e.g. ventricle).  The second MGV was subtracted from the first to 
account for possible bleed-through of signal between sections. Because the optical 
sections were only 7µm thick, there was a chance that a key part of an area might have 
been missed in a single section. Therefore, I measured the same brain area in five 
consecutive optical sections and computed the average of the five sections for each 
area. 
In situ hybridization, imaging and analysis of the samples were carried out blind 
with respect to treatment and conducted between October - April 2012. 
 
Data analysis 
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A linear mixed model ANOVA was used to test for differences in the expression 
of Egr-1 between breeding stages. MGV data were log (+1)-transformed to become 
normally distributed. Log-transformed MGV was the dependent variable, brain area and 
breeding stage were fixed factors, individual ID was a random effect to control for 
measurements of different brain areas on the same individual. Body size was initially 
included as a covariate but was never significant and therefore removed. Pairwise 
comparisons were carried out using Bonferroni post hoc tests. Within each brain area, t-
tests were used to compare across stages. Statistical analyses were carried out in 
SPSS version 20. 
  
RESULTS 
           There were significant differences in Egr-1 expression between breeding stages 
(F4,296=23.59, p<0.001), and between brain areas (F10,296=2.506, p<0.01). In all brain 
areas considered, Egr-1 expression was consistently higher during the parental stages 
(tending eggs and tending fry) compared to the other stages (Figure 7, tending eggs: 
territorial, p<0.001; courtship, p<0.05; post fry, p<0.01; tending fry: territorial, p<0.001; 
courtship, p<0.001; post fry, p<0.001; tending eggs, p<0.001). T-tests (Table 7) within 
each brain area confirmed that activation was often higher when males were caring for 
fry (Figure 8 a-j). Brain activation dropped precipitously during the post-fry stage.  
  
DISCUSSION 
 In this study, I employed a new method for whole mount in situ hybridization to 
gain insight into the neural mechanisms underlying behavioral plasticity associated with 
 25 
reproduction in male sticklebacks. Using the expression of an IEG as an indicator of 
neural activation, I found that overall levels of brain activation increased as males 
became parents, and then dropped after males had reared offspring.  
 The shift to parenthood was marked by an overall increase in neural activation 
(Figure 7). Overall brain activation increased once males had eggs in their nest, and 
brain activation increased even more dramatically after the eggs hatched, i.e. during the 
tending fry stage. There are several possible explanations for this pattern. One 
possibility is that the increase in brain activation reflected an increase in overall 
behavioral activity. For example, once the fry hatch, the offspring are mobile and fathers 
chase them, and a previous study found that males became very behaviorally active 
after eggs hatch (Stein and Bell, 2012). Another possible explanation for the increase in 
brain activation is that the tending fry stage is the last stage before offspring disperse 
and marks the peak parental investment, therefore males might be particularly 
motivated and alert to threats during this stage.  
 After fry disperse, male sticklebacks often begin the breeding cycle again and 
either establish a new territory or defend the old one. Interestingly, Egr-1 dropped 
dramatically in several brain areas during the post-fry stage, to levels comparable to the 
territorial stage. One explanation for this pattern is that males were starting a new 
breeding cycle and returning to ‘baseline’. Alternatively, the decrease in brain activation 
might reflect senescence (males in this population live for one year and often breed only 
once). Importantly, the fact that brain activation dropped after breeding suggests that 
the increase in neural activation observed in the later breeding stages does not simply 
reflect the persistent effects of maturation, age or experience.  
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Previous studies on species with maternal care have implicated the 
periaqueductal gray (Lonstein et al., 1998, Lonstein and Stern, 1997) and the ventral 
tegmental area (reviewed in Numan, 2006; Gaffori and Le Moal, 1979; Numan and 
Smith, 1984; Byrnes et al., 2011; Pereira and Morrell, 2011) with mothering. IEG 
expression in those areas increased when males were caring for offspring in this study. 
Therefore my findings suggest that these areas are also involved with fathering. My 
results are also consistent with the literature that has implicated the preoptic area (Alger 
et al., 2009; Buntin et al., 2006; de Jong et al., 2009; Gammie, 2005; Kingsley & 
Lambert, 2006; Lambert et al., 2011; Lee & Brown, 2002, 2007; Numan, 1974, 1986; 
Numan and Sheehan, 1997) and lateral septum (prairie voles: Wang et al., 1997; 
cichlids: O’Connell et al., 2012) with fathering. 
My results are also consistent with other studies in the literature that have shown 
increased IEG expression when parents are actively providing care to offspring. For 
example, IEG expression increased in fathers in response to offspring in prairie voles 
(Kirkpatrick et al., 1994; Wang et al., 1994) and cichlids  (O’Connell et al., 2012, 
reviewed in Kinsley and Lambert, 2008). Other studies have shown similar increases in 
neural activation when mothers are exposed to pups (reviewed in Numan and Insel, 
2003). 
In this study, I detected differences in IEG expression over relatively long periods 
of time (days to weeks). This is somewhat surprising because immediate early gene 
expression is often interpreted as a cell’s initial response to novelty (Clayton, 2000). 
Typically, IEG expression spikes within minutes in response to a stimulus, triggering 
downstream gene expression as cells remodel, and IEG expression drops dramatically 
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minutes afterwards. However differences in IEG expression over relatively long periods 
of time are not unprecedented. One study, for example, showed that IEG expression in 
certain brain areas remained high in mothering rats for at least two days post-parturition 
(Stack and Numan, 2000), which suggests that the transition to becoming a mother 
does not just involve brief spikes in brain activation, but sustained IEG expression over 
the course of days. Other studies have also detected differences in IEG expression 
between day and night (reviewed in Cirelli, 2005), between different seasons (Hairston 
et al., 2003; Heimovics and Riters, 2005, 2006; Neal and Wade, 2007a, 2007b), and 
between male birds that either do or do not have a nest (Heimovics & Riters, 2007a, 
Kelm et al., 2011, Riters et al., 2004).   
In summary, I observed differences in Egr-1 expression over relatively long 
periods of time (days), between different stages of the breeding cycle. Neural activation 
showed a cyclic pattern such that activation increased as care and investment in 
offspring increased, and then decreased once males were no longer caring for offspring. 
To look at changes in activation in response to specific stimuli, future studies should 
examine Egr-1 expression in response to relevant stimuli at different stages of the 
breeding cycle.  
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Supplemental material 
 I completed two experiments to validate the mpWISH method. First, I compared 
the results of experiments using either mpWISH or qPCR to measure IEG expression in 
brains that were collected in the day or night. Second, I tested for the specificity of the 
Stellaris mini-probes by hybridizing brains with probes for the honeybee c-Jun gene. 
Finally, I evaluated whether the Stellaris probes designed for Egr-1 mRNA might bind to 
other mRNAs using an in silico approach. 
 
Stellaris Probes 
I designed probes specific to the three-spined stickleback Egr-1 gene from the 
gene transcript (ensembl) (Supplemental table 1). Biosearch Technologies synthesized 
48 mini-probes with a tag on each individual probe (Table 1). All 48 probes were 
specific for stickleback Egr-1 and designed to bind on the mRNA in 20bp increments 
with a single base pair in between each probe. The mini-probes were reconstituted in 
tris-EDTA, aliquotted into smaller portions and were stored at -20°C until needed. 
 
Tissue Preparation 
 I compared Egr-1 expression between brains that were collected during the day 
(between 1200-1400, when fish were active) and night (between 0000-0200, when fish 
were not active). Fish were caught by net and rapidly decapitated. Brains were then 
quickly dissected out of the skull with micro-rongeurs (FST, Foster City, CA). Once 
removed, a subset (n=11 for day, n=7 for night) of the brains were used in the mpWISH 
protocol and were placed in 4% paraformaldahyde overnight at 4°C for tissue fixation. 
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After the initial fixation, brains were cleaned of dura and other excess tissue and placed 
in 100% methanol at -20°C until the brains were processed. The remaining brains (n=5 
for day, n=5 for night) were placed in TRIzol (Invitrogen, Carlsbad, CA) until they were 
analyzed using qPCR (see below). I also collected brains at 1200 (n=3) to test the 
specificity and background generated from Stellaris probes using probes designed for a 
gene not found in the stickleback genome.  
Images were analyzed using NIH software ImageJ. Brain images were first used 
to measure thickness and then key landmarks were identified, such as the anterior and 
posterior commissures. The two commissures were used to determine the location of 
brain areas. There is no brain atlas for the stickleback brain therefore, I used brain 
atlases from other teleost species as well as previous immunohistochemical studies in 
sticklebacks (Burmeister et al., 2009; Cerda-Reverter et al., 2008, 2001a, 2001b; 
Ekstrom, 1994; Ekstrom & Ohlin, 1995; Ekstrom et al., 1995, 1992, 1986, 1985, 1984; 
Honkanen & Ekstrom, 1991; Peter & Gill, 1975; Peter et al., 1975; O’Connell & 
Hofmann, 2011; Wulliman et al., 1996). I measured total Egr-1 expression in four areas 
important for visual processing (Supplemental figure 1) to demonstrate the specificity 
and versatility of mpWISH. Specifically, I looked at the glomerular nucleus, pretectal 
nucleus (magnocellular area), longitudinal torus and valvula cerebelli. I chose to look at 
visual processing areas to test the prediction that daytime brains would show more 
activation compared to brains collected during the night in the dark 
 
Mini-probe BLAST 
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 To test whether the Stellaris probes designed for Egr-1 mRNA might bind to 
other mRNAs, I used the BLAST software provided by Ensembl to determine if any 
mini-probe sequence was identical to another gene in the stickleback genome. I 
recorded which gene(s) had exact matches to the mini-probe sequence along with its 
physical location on a chromosome (linkage group) (Supplemental table 2). 
 
qPCR 
qPCR was used to confirm the mpWISH results. Total RNA was extracted by 
homogenization of whole brains in Trizol (Gilbco, Grand Island, NY).  RNA was then 
purified using the RNeasy kit according to company specifications (Qiagen, Valencia, 
CA).  The RNA was tested for purity and quantity using a Nanodrop spectrophotometer 
ND 1000 (Thermoscientific, Wilmington, DE). Total RNA from each sample was reverse 
transcribed using the SuperScript® III First-Strand Synthesis System (Invitrogen).  
qPCR was conducted on the Applied Biosystems 7900HT (Applied Biosystems, 
Foster City, CA) using the FastStart Universal SYBR Green Master (ROX) (Roche 
Diagnostics GmbH, Mennheim, Germany) following the manufacturer’s 
recommendations. Forward and reverse primers for validation were designed from the 
Egr-1 gene transcript (Supplemental table 3) and the the housekeeping gene, 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), transcript using the Primer 
Express® Software v1.0  (Applied Biosystems, Foster City, CA) and ordered from 
Integrated DNA Technologies (IDT, Coralville, IA) (Supplemental table 3). As an internal 
control, I averaged the expression values of a single reference gene, GAPDH. Each 
reaction was run in triplicate and a dissociation curve was used to assess a single 
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amplicon. No template controls (NTC) were included in the reaction to ensure the 
specificity of amplification. A standard curve was computed using a 10x serial dilutions 
of samples made by pooling equal quantity of all samples. A standard curve was run for 
Egr-1 and GAPDH separately. 
 
Negative Control 
 Traditional ISH protocols require a negative control because the probes are long, 
in some cases >10 kb, and are labeled with dyes or enzymes to produce a color 
reaction. If a small part of the long probes bind to an off-target mRNA sequence, the 
long probes give a non-specific signal.  In addition, long probes heavily labeled with 
dyes can cause non-specific background noise when the dye binds to cellular 
structures. In contrast, the Stellaris probes are short individual oligonucleotides. For a 
signal to be observed with the mini-probes, at least 30 different probes have to bind on 
the same gene (Batish et al., 2011).  Stellaris probes have significantly fewer dyes per 
unit mRNA, so non-specific binding to cellular structures is greatly reduced or 
eliminated. However, it is still possible that the Stellaris probes might bind 
nonspecifically. To test this possibility, I used mini-probes created to target a gene not 
found in the stickleback brain. I used a sense probe specific for c-Jun in honeybees 
(Supplemental table 4). The stickleback brains (n=3) were also stained with a nuclear 
stain (DAPI) to show that staining occurred, but not for the negative control probe set.  
 
Statistics 
 32 
 All statistical analyses were run using SPSS 20. All MGV values were first log-
transformed to normalize the data. A univariate general linear mixed model with MGV 
as the dependent variable and time (day or night) and brain area as the fixed factor was 
used to compare the four different visual processing brain areas as well as looking for 
an interaction between the dependent and fixed factor. Individual univariate ANOVAs 
were run on each brain area to compare differences between day and night for each 
brain area. A t-test was used to compare the relative Egr-1 expression estimated by 
qPCR between day and night in whole brain homogenates. 
  
RESULTS 
 
In Situ Hybridization  
Egr-1 in brain areas associated with visual processing was differentially 
expressed between day and night (Supplemental figure 2).  Brains removed during the 
day (n=11) showed significantly more overall Egr-1 expression compared to brains 
removed at night (n=7) (F1,64=12.141, p<0.05). There was not a significant effect of 
brain area measured (F3,64=1.075, p>0.05) or interaction between time and brain area 
(F3,64=1.262, p>0.05). Individual ANOVAs showed a significant difference between day 
and night in all brain areas (glomerular nucleus: F1,6=7.883, p<0.05; pretectal nucleus: 
F1,16=11.763, p<0.01; valvula cerebelli: F1,16=6.781, p<0.05) except for the longitudinal 
torus, where the difference was marginally significant (F1,16=4.266, p=0.055). 
Representative samples of brain images comparing Egr-1 expression between day and 
night are in Supplemental figure 3. 
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qPCR  
Brains removed during the day (n=5) showed significantly more expression 
compared to brains removed at night (n=5) (t=4.6742, df=4, p<0.01, Supplemental 
figure 4), showing the same pattern seen with mpWISH, thereby confirming the 
mpWISH results.  
 
Negative control 
 When a probe-set targeting a gene (c-Jun) from a different organism (honeybee) 
was used, no staining was observed (Supplemental figure 5b). However, staining was 
observed with DAPI showing the outlines of the brains (Supplemental figure 5a). 
Although DAPI is able to permeate the cell membrane, in the current study, DAPI was 
unable to completely penetrate the whole mount tissue. 
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CHAPTER 3: BEHAVIORAL AND IMMEDIATE EARLY GENE 
EXPRESSION RESPONSES TO CHALLENGES AND OPPORTUNITIES 
IN REPRODUCTIVE MALE THREE-SPINED STICKLEBACKS 
 
ABSTRACT 
Over the breeding cycle, male sticklebacks (Gasterosteus aculeatus) are confronted 
with multiple stimuli that elicit different behavioral responses. How the brain handles 
stressors and stimuli while at the same time modulating behavior necessary for 
successful reproduction is unclear. We are beginning to understand the neural 
mechanisms underlying changes in the male stickleback brain across the breeding 
cycle, but we know less about what occurs when fathers are presented with transient 
stimuli. To assess neural activation, I stained whole brains for an immediate early gene 
that is associated with social behavior (Egr-1). I quantified behavioral and brain 
activation in a baseline, ‘no stimulus’ condition and in response to three different 
ecologically-relevant stimuli (female stickleback, male stickleback, model bird predator) 
in two different stages of the nesting cycle (when males were attracting mates or caring 
for offspring). I quantified Egr-1 expression in brain areas found in the social behavior 
network. As expected, the stimuli provoked behavioral responses, which depended on 
the stage of the nesting cycle. For example, males courted a female stickleback during 
the stage when they were attracting mates, but attacked female sticklebacks when they 
were caring for offspring. Neural activation was also stimulus- and stage-dependent. In 
particular, I observed greater Egr-1 activation when males were parenting. Surprisingly, 
when males were caring for offspring Egr-1 expression was high in the ‘no stimulus’ 
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condition. One possible explanation is that Egr-1 expression was high when males were 
caring for offspring, and decreased when a stimulus was introduced because males 
must inhibit brain activity associated with caring for offspring in order to attend to the 
stimulus. 
   
INTRODUCTION 
Parents face many obstacles, especially when they are seasonal breeders under 
time constraints. Parents must establish a territory, find a mate, reproduce and rear 
offspring.  During the same period, parents have to be alert to challenges and 
opportunities that come and go such as a threat by a rival, a potential mate, or a 
possible predator. All of these obstacles require different behavioral and neural 
responses.  Therefore, there is a huge diversity of demands and a large behavioral 
repertoire that parents must manage. How the brain mediates these demands and 
behaviors is unclear. Furthermore, little is known about brain-behavior relationships in 
species where fathers are the sole providers of parental care. 
To delve further into how the brain mediates behavioral plasticity associated with 
reproduction, I studied changes in neural activation using the immediate early gene, 
Egr-1. Immediate early genes are frequently considered to be an early response to a 
transient stimulus (for review see, Clayton, 2000, Fernald, 2012, Hofmann, 2010, 
Robinson et al., 2008) that spikes and then quickly habituates. For example, several 
studies have shown that immediate early genes are expressed in response to a mating 
opportunity or in response to an intruder, and then subsides (Heimovics & Riter, 2006, 
2007; Hasen & Gammie 2005, 2006). 
 36 
I measured Egr-1 expression in brain areas involved in the social behavior 
network (Newman, 1999, Crews, 2003; Goodson, 2005; O’Connell & Hofmann, 2011) in 
male three-spined sticklebacks.  In sticklebacks, males are the sole providers of 
parental care that is necessary for offspring survival. Over the breeding cycle male 
sticklebacks are confronted with multiple stimuli, which elicit different behavioral 
responses. How the brain is able to handle stressors and stimuli while at the same time 
mediating behavior necessary for successful reproduction is unclear. Therefore I 
measured males’ behavioral responses and brain activation to different stimuli (no 
stimulus, a female stickleback, a male stickleback, a model bird predator). Behavioral 
and brain response to these stimuli are often context-dependent  (Figueiredo et al., 
2003; Hasen & Gammie, 2006; Lin et al., 2011; Motta et al., 2009; Rosen et al., 2005; 
Sukikara et al., 2010; Wang et al., 1997). For example, to male sticklebacks in the 
courtship stage of the breeding cycle, a female is a potential mate, but during the 
tending fry stage, a female is a potential predator to his offspring (Candolin, 2000; Scotti 
& Foster, 2007). Therefore I measured males’ responses to stimuli during either the 
courtship stage (when males were attracting mates but not parenting), or during the 
tending fry stage of the nesting cycle (when males were parenting).  
 
METHODS 
1. Animal use 
Three-spined sticklebacks were collected as juveniles from Putah Creek in 
Summer 2010.  Fish were housed and handled according to University of Illinois 
Urbana-Champaign IACUC standard guidelines and procedures. Fish were maintained 
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in the laboratory in 104L tanks at approximately 16˚C under 8:16h light/dark photoperiod 
prior to the experiment. The water was filtered through particulate, UV, biological and 
charcoal filters. Fish were fed ad libitum with a mixture of bloodworms, brine shrimp and 
mysis shrimp daily. 
Once nuptial coloration was observed, male sticklebacks were individually 
housed in 9.5L (36 x 21 x 18 cm) tanks with a refuge (plastic ”plant”), an open plastic 
box (13 x 13 x 3 cm) filled with sand, and algae for nest building. Males had visual 
access to neighbors through the clear plastic tanks. The photoperiod was set to 16:8h 
light/dark and temperature was set to approximately 20˚C to simulate natural breeding 
conditions. All behavioral analysis and brain collection were carried out between June – 
September, 2011. 
 
2. Treatment groups 
 At the start of the experiment, males were randomly assigned to one of two 
breeding stages: courtship or tending fry. During the courtship stage, males court 
females and are not yet parents. During the tending fry stage, males are caring for 
offspring. Within each stage, males were randomly assigned to one of four different 
‘stimulus’ treatments: no stimulus, female stickleback, male stickleback or model bird 
predator. Therefore there were a total of 8 groups with n=12 males initially per group. 
Not all males completed nests, mated, or reared offspring therefore the final sample 
sizes were smaller than the initial sample sizes (courtship: no stimulus, n=8, female 
stickleback, n=9; male stickleback, n=6; model bird predator, n=7; tending fry: no 
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stimulus, n=4, female stickleback, n=7; male stickleback, n=4; model bird predator, 
n=5).  
Males assigned to the courtship stage treatment were measured for behavior 24 
hours after the male crept through his nest, a behavior that marks the completion of the 
nest (Wootton, 1984). Males assigned to the tending fry stage treatment were measured 
for behavior three days after spawning. To induce spawning, females were added to the 
tanks of males assigned to the tending fry treatment 24 hours after the conspicuous 
creep through behavior. Females were weighed before and after being in the tank with a 
male to determine if the female had released her eggs. If spawning did not occur, 
another female was introduced into the tank 12-24 hours later. Once a male had mated, 
the behavior of the male was observed for 5 minutes each day to assure that the male 
was providing parental care to the eggs (fanning nest, hovering near nest, oxygenating 
the eggs). Males were presented with stimuli three days after the eggs hatched and 
behavior was recorded while the experimenter was hidden behind a blind. 
Males assigned to the ‘female stickleback’ treatment were presented with a 
gravid female (potential mate) in a clear round bottom flask for 10 minutes, during which 
time the following behaviors were recorded: bites, number of nest visits, zig zags (a 
courtship behavior), total time orienting. Males assigned to the ‘male stickleback’ 
treatment were presented with a reproductive male (potential rival) in a clear round 
bottom flask for 10 minutes, during which time the same behaviors described above 
were recorded. Males assigned to the ‘model bird predator’ treatment were presented 
with a model bird predator, which is a predator to the focal male, but not to his offspring. 
The model bird predator was dunked in the tank every minute for 10 minutes, during 
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which time behavior was recorded as above. 30 minutes after the stimulus was 
introduced, the male was sampled. Males assigned to the ‘no stimulus’ treatment in the 
courtship stage were sampled within 24 hours after creeping through the nest. Males 
assigned to the ‘no stimulus’ treatment in the tending fry were sampled three days after 
the fry hatched. 
 
4. Brain retrieval and storage 
 Males were netted from the tank and rapidly decapitated. Males were sacrificed 
between 10 a.m.-2 p.m. in order to control for circadian rhythm. The head was removed 
from the body just behind the operculum. The muscles at the base of the skull along 
with the skull were removed using rongeurs (FST, Foster City, CA). The eyes were 
detached from the optic nerve using fine inverted scissors (FST, Foster City, CA). The 
brain was then placed in 4% paraformaldahyde made in phosphate buffered saline 
(PBS).  
 Twenty-four hours later, all brains were cleaned of dura, excess fibers and 
miscellaneous tissues. A stereomicroscope (Leica Microsystems Inc., Buffalo Grove, IL, 
USA) was used to view the brain. Fine forceps and fine inverted scissors were used for 
removal of all excess. Once the brains were clean they were placed in 100% methanol 
to quench endogenous peroxidase activity and stored at -20°C. All brains were 
processed between Fall 2011 and Spring 2012 (October – April).  
 
5. In situ hybridization 
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Brains were prepared for hybridization through sequential rehydration from 100% 
methanol, used to quench endogenous peroxidase activity, into PBS with Triton-X 
(Promega, Madison, WI). Triton-X, a non-ionic detergent, was used to increase cellular 
permeability. Next, brains were treated with 2µg/ml proteinase K (Invitrogen, Carlsbad, 
CA) for 20 minutes to inactivate nucleases and to digest cellular protein, thereby making 
the target RNA more accessible. Pilot experiments showed that, if left in proteinase K 
longer then 20 minutes, brains started to disintegrate therefore 2 mg/ml glycine for 20 
minutes was used to stop the proteinase K reaction. The brains were then refixed in 4% 
paraformaldahyde for 20 minutes. To reduce autofluorescence, brains were treated with 
2 mg/ml glycine plus 75mM ammonium acetate. Brains were then prepared for 
hybridization by incubating them in a prehybridization solution containing 2X SCC, 15% 
formamide (Fisher, Fair Lawn, NJ), 1% blocking solution (Roche, Indianapolis, IN), 0.5% 
CHAPS, 0.1% Triton-X, 1 mg/ml yeast tRNA (Promega, Madison, WI), 5mM EDTA, 100 
mg/ml Dextran Sulfate and 1X Denhardt’s solution at 37°C for four hours. Brains were 
submerged in 500µl of prehybridization solution with one brain in a single well of a 48-
well microtiter plate (Becton Dickinson, Franklin Lakes, NJ). Finally brains were placed 
in the fresh prehybridization solution with the addition of either Egr-1 mini-probes (Table 
8) tagged with Quasar 570 at 1:100 for 17 hours at 37°C. 
 Hybridized brains were put through several post-hybridization stringency washes 
to remove any non-specific or unbound probe.  The first wash solution contained 15% 
formamide, 2X SCC, 0.1% Triton-X and 0.5% CHAPS. The next washes used 
sequential dilutions of the first wash solution: 3:1, 1:1 and 1:3 in 2X SCC. After the 
stringency washes, the brains were dehydrated sequentially into 100% methanol to 
 41 
prepare for tissue clearance. To prepare for imaging, brains were moved from 100% 
methanol to 100% methyl salicylate until the tissue cleared and thus was transparent. 
The brains were then covered to prevent photobleaching. 
 
6. Imaging 
The whole mount brains were processed on a LSM 710 Zeiss confocal 
microscope. Brains were focused on the microscope and then 12 tile images were taken 
to allow for the entire brain (4x3) to be analyzed at one time. The thickness of the brain 
was also determined and 7µm sections were imaged. The tiles and sections were 
compiled together to give a complete image of the brain. Pictures were taken and 
processed using software provided by Zeiss, Zen 2010. Samples were processed 
through the ISH and imaging protocol blind with respect to treatment. 
 
7. Analysis 
Images were analyzed using NIH software, ImageJ.  Brain images were first 
used to measure thickness and then key landmarks were identified, such as the anterior 
and posterior commissures. The two commissures were used to determine the location 
of brain areas. There is no brain atlas for the stickleback brain therefore I used brain 
atlases from other teleost species as well as previous immunohistochemical studies in 
sticklebacks (Anken and Rahmann, 1994; Burmeister et al., 2009; Cerda-Reverter et al., 
2008, 2001a, 2001b; Ekstrom, 1994; Ekstrom & Ohlin, 1995; Ekstrom et al., 1995, 1992, 
1986, 1985, 1984; Honkanen & Ekstrom, 1991; Peter & Gill, 1975; Peter et al., 1975; 
O’Connell & Hofmann, 2011; Wulliman et al., 1996). I measured Egr-1 expression in 10 
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different brain areas (Figure 9). Once a brain area was located, it was measured for 
mean gray value (MGV), a measurement of optical density (Bretaud et al., 2007; 
Ferreira & Rasband, 2011; Guo et al., 1999). To control for fluorescent signal 
background, a second MGV (control) was also taken in an area on the section where no 
staining should have occurred (e.g. ventricle).  The second MGV was subtracted from 
the first to account for possible bleed-through of signal between sections. Because the 
optical sections were only 7µm thick, there was a chance that a key part of an area 
might have been missed in a single section. Therefore I measured the area in five 
consecutive optical sections and computed the average of the five sections for each 
area. 
 
8. Statistics 
For each behavior recorded, I used a separate general linear model to test for 
the effect of stage (courtship or tending fry), stimulus (no stimulus, female stickleback, 
male stickleback or model bird predator) and the stage * stimulus interaction on 
behavior. The behavioral data were not normally distributed but were resistant to 
transformation. I proceeded with general linear models to analyze these data because 
GLM is relatively robust to the violation of normality. The expression data also did not 
meet the assumption of parametric tests, but ln +1-transformation successfully 
normalized them. For each brain area, I used a separate general linear model to test for 
the effect of stage (courtship or tending fry), stimulus (no stimulus, female stickleback, 
male stickleback or model bird predator) and the stage * stimulus interaction on ln+1 
Egr-1 expression. I used Bonferroni corrections to test for significant pairwise 
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differences in means after controlling for multiple comparisons. Relationships between 
behavior and Egr-1 expression (not transformed) were examined using Spearman 
correlations. All statistical analyses were carried out in SPSS version 20. 
 
RESULTS 
Different stimuli provoked different behavioral reactions in males, and behavior 
was context-dependent, i.e. differed between males that were in the courtship or 
tending fry stage (Figures 10-13). Males were especially aggressive toward females, as 
assessed by the number of bites, during the tending fry stage when males are parenting 
and when females can be nest predators (Figure 10, stimulus: F2,32=4.517, p<0.05, 
stage: F1,32=1.079, p>0.05, stage*stimulus: F2,32=1.588, p>0.05 ). The difference in bites 
toward a female stickleback and a model bird predator was statistically significant after 
post-hoc comparisons (p<0.015). I did not observe any bites at the model bird predator. 
Males visited their nest more during the tending fry stage compared to the 
courtship stage (Figure 11, stimulus: F2,32=1.100, p>0.05, stage: F1,32=5.197, p<0.05, 
stage*stimulus: F2,32=0.702, p>0.05). Males exhibited more zig-zags, a courtship 
behavior, toward the female stickleback compared to the other stimuli, especially during 
the courtship stage (Figure 12, stimulus: F2,32=5.150, p<0.05; stage: F1,32=3.596, 
p=0.067, stimulus*stage F2,32=4.122, p<0.05). 
There were differences in the total time spent orienting toward the different 
stimuli (Figure 13, stimulus: F2,32=29.198, p<0.001, stage: F1,32=3.610, p=0.066, 
stage*stimulus: F2,32=1.420, p>0.05). In particular, males oriented less to the model bird 
predator compared to both the male stickleback (p<0.001) and the female stickleback 
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(p<0.001). There was suggestive evidence that males oriented longer to the female 
stickleback compared to the male stickleback (p=0.05). Altogether, the behavioral data 
show that males behaviorally responded to the stimuli, and reacted differently 
depending on whether they were or were not parenting. 
Neural activation was strongly stage-dependent (Table 9). Figure 14 a-j show 
neural activation in each of the different brain areas measured. In general, Egr-1 
expression was higher in males during the tending fry stage compared to males during 
the courtship stage. However, in many brain areas (e.g. basolateral amygdala, 
BNST/medial amygdala, ventromedial hypothalamus, periaquaductal gray, ventral 
tegmental area, preoptic area, lateral septum) there was a significant stage*stimulus 
interaction (Table 9), indicating that Egr-1 expression differed between males in the 
courtship versus tending fry stages, but only in response to certain stimuli. For example, 
Egr-1 expression in response to a model predator did not differ between males that 
were or were not parenting (Figure 14 a-j).  
In some brain areas, Egr-1 expression in response to a conspecific male or 
female was higher during the tending fry stage (when conspecifics can be nest 
predators) compared to the courtship stage. For example, expression was higher in 
response to a male stimulus during the tending fry compared to the courtship in the 
anterior hypothalamus, basolateral amygdala, BNST/medial amygdala, lateral septum, 
periaqueductal gray, preoptic area and ventral tegmental area (Figure 14). Similarly, 
expression was higher in response to a female stimulus during the tending fry stage 
compared to the courtship stage in the basolateral amygdala (Figure 14). Surprisingly, 
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Egr-1 expression was generally higher in the absence of a stimulus (‘no stimulus’) 
compared to when a stimulus was presented (Figure 14). 
  Although there were clear average differences between the different stimuli, 
there was still variation among individuals in both their behavior and Egr-1 expression. 
Interestingly, variation in behavior was correlated with variation in Egr-1 expression 
(Figures 15-16). For example, males that zig zagged more to the gravid female during 
the courtship stage had lower Egr-1 expression in the anterior hypothalamus (Figure 
15a, r=-0.728, P=0.026) and periaqueductal gray (Figure 15b, r=-0.678, P=0.045). 
Males that spent more time orienting to the model predator during the courtship stage 
had higher Egr-1 expression in the hippocampus (Figure 16, r=0.826, P=0.007).    
 
DISCUSSION 
In general, males behaved as predicted toward the different stimuli. For example, 
they courted females when they were in the courtship stage of the breeding cycle, but 
attacked females and visited the nest more when they were parenting. Given that 
females are frequently nest predators (Candolin, 2000; Scotti & Foster, 2007), high 
levels of aggression toward females during the tending fry stage could be adaptive. It is 
interesting to note that the time spent orienting to a female was similar between stages, 
perhaps because females are equally salient but different stimuli during the different 
stages (a female is potential mate during the courtship stage versus a potential nest 
predator during the tending fry stage). 
Males attended to (oriented toward) a rival male conspecific more while they 
were in the courtship stage of the breeding cycle compared to when they were tending 
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fry. One explanation for this pattern is that a rival male conspecific is a potential 
competitor for mates during the courtship stage, but a male stickleback is less of a 
threat during the tending fry stage. Another interpretation of this pattern is that males 
spent less time orienting to the male stickleback during the tending fry stage compared 
to the courtship stage because the focal male needed to split his attention between the 
male intruder and his fry.  
When the model bird predator was present, levels of behavior were generally 
lower compared to the other stimuli. However, males made frequent visits to their nest 
in the presence of predation risk, especially during the tending fry stage. Given the large 
parental investment that males make in each clutch, it is perhaps not surprising that 
males were more defensive of their nest when they were parenting.  
While behavior was very stimulus-specific, Egr-1 expression was very stage-
specific, i.e. it differed between males that were in the courtship versus tending fry 
stage. In particular, there was consistently higher Egr-1 expression during the tending 
fry stage compared to the courtship stage. A conspecific during the tending fry stage 
could be a potential nest predator, which might explain why brain activation was higher 
during the tending fry stage compared to the courtship stage in the presence of a 
conspecific. An interesting exception to the generalization that Egr-1 expression was 
higher during the tending fry stage is that Egr-1 expression was similar between stages 
when the model bird was present. One possible explanation for this pattern is that the 
model bird predator is a threat to the male rather than his offspring. Therefore a bird 
predator might always elicit neural activation, regardless of stage. 
 47 
One of the most surprising results of this study is that Egr-1 expression was 
lower when a stimulus was present compared to the ‘no stimulus’ condition, especially 
during the tending fry stage. This result is unexpected because immediate early genes 
are frequently considered to be an early response to a transient stimulus (for review 
see, Clayton, 2000, Fernald, 2012, Hofmann, 2010, Robinson et al., 2008) that quickly 
increase in expression and then habituate.  
There are at least four non-exclusive explanations for this unexpected result. 
First, although males in the ‘no stimulus’ treatment were not experimentally presented 
with a specific stimulus, those males had visual access to males in neighboring tanks, 
engaged in nest maintenance behaviors, and interacted with their fry. Therefore 
perhaps males in the ‘no stimulus’ treatment were actually interacting with stimuli, just 
not the ones that were deliberately introduced. Second, Egr-1 might be involved in the 
maintenance of a particular behavioral state, while other IEGs (e.g. cFos) are involved 
in the response to transient social stimuli in this species. Different IEGs might be 
expressed in different brain regions, or associated with different social behaviors 
(Heimovics & Riter, 2006, 2007; Hasen & Gammie 2005, 2006).  
Third, it is possible that Egr-1 expression was lower in the presence of stimuli 
compared to the ‘no stimulus’ condition due to the need to divert attention away from 
offspring in order to attend to the stimulus. That is, when males were presented with a 
stimulus, they had to shift focus away from the normal tasks associated with 
reproduction (tending the nest, maintaining territorial boundaries, caring for offspring) to 
deal with the stimulus at hand. Inhibition might be required in order to accomplish this. 
Indeed, according to ‘the sensory suppression hypothesis’ (reviewed in Kastner and 
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Ungerleider, 2000), there is competition among multiple visual stimuli for neural 
representation in the brain. For example, when fry are present and a novel adult 
stickleback is introduced, the focal male has two stimuli within his tank requiring 
attention, which requires the suppression of neural activation in response to one of the 
two stimuli.  
A mechanism that could explain this pattern is decreased activation of inhibitory 
neurons required in order for appropriate behavioral responses (Neal & Wade, 2007). 
During the tending fry stage, lower expression in response to an intruder might reflect 
the inhibition of brain activity associated with parental care. Indeed, a previous study in 
rodents found that certain brain areas are inhibited in order for mothers not to behave 
aggressively toward their offspring (Sheehan et al., 2000). Other studies have shown 
that fear or a state of general arousal blocks IEG expression in response to stimuli (Amir 
and Stewart, 1998).  
Indeed, some of the behavior-IEG correlations observed in this study are 
consistent with the hypothesis that behavior towards certain stimuli requires inhibition in 
particular brain areas. The anterior hypothalamus and the periaqueductal gray, for 
example, showed relatively low levels of expression during the courtship stage in 
response to a female, and Egr-1 expression in those areas was negatively correlated 
with courtship behavior. A similar result was found in green anoles, where IEG 
expression was negatively correlated with courtship behaviors (Neal & Wade, 2007). 
However, the courtship stimuli never resulted in higher Egr-1 expression compared to 
the courtship ‘no stimulus’ treatment. Interestingly, the other significant behavior-Egr-1 
expression correlation was observed in the hippocampus in response to a model bird 
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predator. There, Egr-1 expression was positively correlated with time spent orienting to 
the bird predator, and Egr-1 expression was relatively high (induced) in that brain area. 
Overall, I observed differential behavioral responses and neural activation 
between the stimuli presented. When the stimulus was a predator to a male’s offspring 
there was greater Egr-1 expression. However, when the stimulus was a predator to the 
focal male, the level of Egr-1 expression was the same regardless of stage. Both the 
behavior and the neural activation begin to reveal the mechanisms involved with brain-
behavior interactions in a species with paternal care. However, further studies are 
needed to help understand the decreases in neural activation in the presence of a 
stimulus as well as the specific neurochemicals and pathways involved in a father’s 
response to different stimuli. 
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CHAPTER 4: TABLES AND FIGURES 
 
CHAPTER 1: TABLES AND FIGURES 
Table 1.  Egr-1 sequence obtained from Ensembl used to create the mini-probes. 
 
CTCCCTGCAGATACGTTACCTGATATCCCCTTTAACTGTGAGAAGTCGATGGGAGA
TCAGACCTACCCCACCCAGAGGCTGCCCCCCATCTCTTACACAGGCCGCTTCACC
CTGGAGCCCGCCACCGCCTGCAGCAACAGCCTCTGGGCGGAGCCCATCCTGGGC
CTGTTCACTGGTCTGATGGGCAATATTGCCCCCAGCTCTTCCTCCGCCGCCTCACA
GACCACCTCGTCCTCCTCTGCATCGATCCCGTCCTCCACTTCTTCCTCTTCTACCT
CCTCATCTCAGAGCCTCAGTTCCTCCATTCACCACAATGAGCCCAACCCCATCTAC
TCCGCTGCCCCAACCTATTCCAGCCCCAACTCCGACATCTTCCCGGACCAAGGCC
AGGCTTTCCCCAGCTCGGGCGGAGGTGTGCAGTACCCTCCTCCTGCCTATCCCAA
TGGCAAGACCTGCAACACTAGCTTCCCTGTGCCCATGATTCCCGACTACCTCTTTC
CTCAGCAGCAGGGAGAGATCAGCCTGGTGCCCCCGGATCAAAAGCCCTTCCAGA
GTCAGTCCAACCAGCCGTCCCTCACTCCTCTGTCCACCATCAAGGCCTTCGCCAC
CCAGACTGGTTCCCAGGACTTAAAGAGTGTCTACCAGTCCCAGCTGATTAAGCCCA
GCCGCATGCGCAAGTACCCCACCCGGCCGAGCAAGACACCACCTCACGAGAGGC
CCTACGCTTGCCCCGTGGAGACGTGCGATCGCCGATTCTCCCGCTCCGATGAGCT
GACTCGCCACATCCGTATCCACACTGGCCAGAAGCCCTTCCAGTGCCGCATCTGT
ATGCGCAACTTCAGCCGCAGCGACCACCTGACGACACACATCCGCACTCACACCG
GTGAGAAGCCCTTCGCCTGCGAGATCTGCGGACGCAAGTTTGCCCGCAGTGACG
AGAGGAAGAGGCACACAAAGATCCACCTACGGCAGAAGGACAAGAAAGCGGAAAA 
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Table 1 (cont.) 
GACGGGAGCAGTGGTGGTGACGGCAGCGGCGGCGACATCAGCCTCCTCACCTGC
CTCCAGCTACCCTTCACCCATCACCTCCTACCCCTCTCCAGTGTCCTCCTATCCCT
CTCCAGTCACCTCCTGCTACTCCTCTCCGGTCCACACTTCCTATCCGTCTCCTTCC
ATCGCCACCACCTACCCATCAGTGTCCATGTCCAGCACCTTTCAGTCCCAGATCGC
CTCTTCCTTTCCCTCCTCAGTCGCCTCCGGGGGGGGGGGGGGGGGTGGAGGTGG
AGAATGGGTAGGGGGTGGGGGTGGGGGGGCTTTACCTGAATCAGCCTGTCGTAC
CTGCCCCGAGGCCCAC 
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Table 2.  48 mini probes 20bp in length created by Biosearch Technologies derived 
from the stickleback Egr-1 gene.  
 
    
Sequence 
Sequence 
Name 
(5' to 3')   
TACCCATTCTCCACCTCCAC  EGR1_1 
ACAGGCTGATTCAGGTAAAG  EGR1_2 
TAACGTATCTGCAGGGAGGT  EGR1_3 
CACAGTTAAAGGGGATATCA  EGR1_4 
GTCTGATCTCCCATCGACTT  EGR1_5 
AAGCGGCCTGTGTAAGAGAT  EGR1_6 
AGTGAACAGGCCCAGGATGG  EGR1_7 
TGGTCTGTGAGGCCATCAGA  EGR1_8 
ATCGATGCAGAGGAGGACGA  EGR1_9 
AAGAGGAAGAAGTGGAGGAC  EGR1_10 
AGGCTCTGAGATGAGGAGGT  EGR1_11 
ATTGTGGTGAATGGAGGAAC  EGR1_12 
AGCGGAGTAGATGGGGTTGG  EGR1_13 
AGTTGGGGCTGGAATAGGTT  EGR1_14 
CCTTGGTCCGGGAAGATGTC  EGR1_15 
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Table 2 (cont.) 
 
AGGAGGGTACTGCACACCTC  EGR1_16 
TCTTGCCATTGGGATAGGCA  EGR1_17 
ACAGGGAAGCTAGTGTTGCA  EGR1_18 
AAGAGGTAGTCGGGAATCAT  EGR1_19 
TGATCTCTCCCTGCTGCTGA  EGR1_20 
TTTTGATCCGGGGGCACCAG  EGR1_21 
TGGTTGGACTGACTCTGGAA  EGR1_22 
TTGATGGTGGACAGAGGAGT  EGR1_23 
AACCAGTCTGGGTGGCGAAG  EGR1_24 
GGTAGACACTCTTTAAGTCC  EGR1_25 
CTGGGCTTAATCAGCTGGGA  EGR1_26 
GGTGGGGTACTTGCGCATGC  EGR1_27 
TCGTGAGGTGGTGTCTTGCT  EGR1_28 
AATCGGCGATCGCACGTCTC  EGR1_29 
ATGTGGCGAGTCAGCTCATC  EGR1_30 
CTTCTGGCCAGTGTGGATAC  EGR1_31 
ATACAGATGCGGCACTGGAA  EGR1_32 
TGGTCGCTGCGGCTGAAGTT  EGR1_33 
AGTGCGGATGTGTGTCGTCA  EGR1_34 
ATCTCGCAGGCGAAGGGCTT  EGR1_35 
TCGTCACTGCGGGCAAACTT  EGR1_36 
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Table 2 (cont.) 
 
TGGATCTTTGTGTGCCTCTT  EGR1_37 
TTTCTTGTCCTTCTGCCGTA  EGR1_38 
ACCACTGCTCCCGTCTTTTC  EGR1_39 
AGGTGAGGAGGCTGATGTCG  EGR1_40 
ATGGGTGAAGGGTAGCTGGA  EGR1_41 
ACACTGGAGAGGGGTAGGAG  EGR1_42 
GTGACTGGAGAGGGATAGGA  EGR1_43 
TGGACCGGAGAGGAGTAGCA  EGR1_44 
TGGAAGGAGACGGATAGGAA  EGR1_45 
ATGGACACTGATGGGTAGGT  EGR1_46 
ATCTGGGACTGAAAGGTGCT  EGR1_47 
ACTGAGGAGGGAAAGGAAGA  EGR1_48 
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Table 3. BLAST results for the 48 mini-probes. Shown are the specific probes’ 
sequence, genes with sequences matching specific probes, location of the nucleotide 
sequence match within the 20bps and their location (linkage group). Genes that 
matched more than one probe sequence are highlighted in yellow although only two fit 
this criterion. Given that only two gene sequences were matched non-specific signaling 
is highly unlikely. 
Probe Sequence 
Matching 
Gene 
Sequence 
Match Group 
 EGR1_1 TACCCATTCTCCACCTCCAC EGR-1 1 to 20 IV 
  OBSL1 5 to 20 I 
  Sept2 (201) 6 to 20 III 
  Sept2 (202) 6 to 20 III 
  Sept2 (203) 6 to 20 III 
 EGR1_2 ACAGGCTGATTCAGGTAAAG KLHL38 2 to 16 X 
 EGR1_3 TAACGTATCTGCAGGGAGGT EGR-1 1 to 20 IV 
 EGR1_4 CACAGTTAAAGGGGATATCA EGR-1 1 to 20 IV 
 EGR1_5 GTCTGATCTCCCATCGACTT EGR-1 1 to 20 IV 
 EGR1_6 AAGCGGCCTGTGTAAGAGAT EGR-1 1 to 20 IV 
 EGR1_7 AGTGAACAGGCCCAGGATGG EGR-1 1 to 20 IV 
 EGR1_8 TGGTCTGTGAGGCCATCAGA EGR-1 1 to 20 IV 
 EGR1_9 ATCGATGCAGAGGAGGACGA EGR-1 1 to 20 IV 
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Table 3 (cont.) 
 
  LMBRD2 3 to 20 NA 
  MRPL38 2 to 16 V 
  THOC5 3 to 17 XII 
  HSP90AB1 1 to 15 XVIII 
 
EGR1_10 AAGAGGAAGAAGTGGAGGAC EGR-1 1 to 20 IV 
  PRR12 (1) 1 to 16 XI 
  RYR1 (2) 1 to 16 VII 
  Novel 2 to 16 II 
  Novel 6 to 20 VII 
  GNAI2 (2) 2 to 16 XVII 
  Novel 2 to 16 IV 
  Novel 2 to 16 XIX 
  Novel 2 to 16 XIX 
  Novel 2 to 16 XII 
  HSP90AA1 (2) 3 to 17 XVIII 
 
EGR1_11 AGGCTCTGAGATGAGGAGGT EGR-1 1 to 20 IV 
  CPSF3L 4 to 20 XII 
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Table 3 (cont.) 
 
 
EGR1_12 ATTGTGGTGAATGGAGGAAC EGR-1 1 to 20 IV 
  HES5 3 to 18 XII 
 
EGR1_13 AGCGGAGTAGATGGGGTTGG EGR-1 1 to 20 IV 
 
EGR1_14 AGTTGGGGCTGGAATAGGTT EGR-1 1 to 20 IV 
 
EGR1_15 CCTTGGTCCGGGAAGATGTC EGR-1 1 to 20 IV 
 
EGR1_16 AGGAGGGTACTGCACACCTC EGR-1 1 to 20 IV 
 
EGR1_17 TCTTGCCATTGGGATAGGCA EGR-1 1 to 20 IV 
 
EGR1_18 ACAGGGAAGCTAGTGTTGCA EGR-1 1 to 20 IV 
 
EGR1_19 AAGAGGTAGTCGGGAATCAT EGR-1 1 to 20 IV 
 
EGR1_20 TGATCTCTCCCTGCTGCTGA EGR-1 1 to 20 IV 
  FAM70B (2) 4 to 19 I 
  Novel 4 to 19 V 
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Table 3 (cont.) 
 
  NAGS (1) 6 to 20 XI 
  SH3BGRL 4 to 18 IV 
  RBM39 5 to 19 XVII 
 
EGR1_21 TTTTGATCCGGGGGCACCAG EGR-1 1 to 20 IV 
 
EGR1_22 TGGTTGGACTGACTCTGGAA EGR-1 1 to 20 IV 
 
EGR1_23 TTGATGGTGGACAGAGGAGT EGR-1 1 to 20 IV 
  CHD4 (2) 2 to 19 XX 
 
EGR1_24 AACCAGTCTGGGTGGCGAAG EGR-1 1 to 20 IV 
 
EGR1_25 GGTAGACACTCTTTAAGTCC EGR-1 1 to 20 IV 
 
EGR1_26 CTGGGCTTAATCAGCTGGGA EGR-1 1 to 20 IV 
  NRBP1 (2) 1 to 15 II 
 
EGR1_27 GGTGGGGTACTTGCGCATGC EGR-1 1 to 20 IV 
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Table 3 (cont.) 
 
 
EGR1_28 TCGTGAGGTGGTGTCTTGCT EGR-1 1 to 20 IV 
 
EGR1_29 AATCGGCGATCGCACGTCTC EGR-1 1 to 20 IV 
 
EGR1_30 ATGTGGCGAGTCAGCTCATC EGR-1 1 to 20 IV 
 
EGR1_31 CTTCTGGCCAGTGTGGATAC EGR-1 1 to 20 IV 
  Novel 2 to 17 XVI 
 
EGR1_32 ATACAGATGCGGCACTGGAA EGR-1 1 to 20 IV 
  EGR-4 3 to 20 IX 
  EGR-2 4 to 20 VI 
  EGR-2 4 to 20 NA 
 
EGR1_33 TGGTCGCTGCGGCTGAAGTT EGR-1 1 to 20 IV 
  EGR-2 1 to 20 VI 
  BPTF (2) 5 to 20 XI 
  PAN3 6 to 20 XXI 
  KIAA0825 3 to 17 XII 
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Table 3 (cont.) 
 
 
EGR1_34 AGTGCGGATGTGTGTCGTCA EGR-1 1 to 20 IV 
 
EGR1_35 ATCTCGCAGGCGAAGGGCTT EGR-1 1 to 20 IV 
  ZNF646 (1) 3 to 18 XI 
  PRR5 (2) 2 to 16 IV 
  Novel 6 to 20 XII 
  Novel 5 to 19 I 
  
KCNMA1 (2, 
201) 5 to 19 VI 
  
KCNMA1 (2, 
203) 5 to 19 VI 
  
KCNMA1 (2, 
205) 5 to 19 VI 
  
KCNMA1 (2, 
206) 5 to 19 VI 
 
EGR1_36 TCGTCACTGCGGGCAAACTT EGR-1 1 to 20 IV 
  
HMGXB3 
(202)   
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Table 3 (cont.) 
 
 
EGR1_37 TGGATCTTTGTGTGCCTCTT EGR-1 1 to 20 IV 
 
EGR1_38 TTTCTTGTCCTTCTGCCGTA EGR-1 1 to 20 IV 
  TRPA1 (201) 2 to 16 XXI 
  TRPA1 (202) 2 to 16 XXI 
 
EGR1_39 ACCACTGCTCCCGTCTTTTC EGR-1 1 to 20 IV 
  GRIN3B (2) 2 to 16 XV 
 
EGR1_40 AGGTGAGGAGGCTGATGTCG EGR-1 1 to 20 IV 
  CNTN2 (201) 2 to 16 XVII 
  CNTN2 (202) 2 to 16 XVII 
  CNTN2 (203) 2 to 16 XVII 
  COX15 (202) 3 to 17 VI 
  ASCC2 6 to 20 XIII 
 
EGR1_41 ATGGGTGAAGGGTAGCTGGA EGR-1 1 to 20 IV 
 
EGR1_42 ACACTGGAGAGGGGTAGGAG EGR-1 1 to 20 IV 
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Table 3 (cont.) 
 
 
EGR1_43 GTGACTGGAGAGGGATAGGA EGR-1 1 to 20 IV 
 
EGR1_44 TGGACCGGAGAGGAGTAGCA EGR-1 1 to 20 IV 
  Novel 5 to 19 X 
 
EGR1_45 TGGAAGGAGACGGATAGGAA EGR-1 1 to 20 IV 
  METTL11B 1 to 15 VIII 
 
EGR1_46 ATGGACACTGATGGGTAGGT EGR-1 1 to 20 IV 
  LMTK2 1 to 15 XI 
 
EGR1_47 ATCTGGGACTGAAAGGTGCT EGR-1 1 to 20 IV 
 
EGR1_48 ACTGAGGAGGGAAAGGAAGA EGR-1 1 to 20 IV 
  NF2 4 to 20 XIII 
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Table 4. Forward and reverse primer sequences used for qPCR to measure Egr-1 
expression compared to a control gene, GAPDH. 
Gene Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 
Egr-1 GTGCGATCGCCGATTCTC TTCTGGCCAGTGTGGATACG 
GAPDH CAGTCAAGAAGGCTGCACATG GGACACCACCTGGTCCTCTGT 
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Table 5.  48 mini probes 20bp in length created by Biosearch Technologies derived 
from the honeybee cJun gene.  
 
Sequence Sequence Name 
(5' to 3')  
TCATGGAGCAAACGTTCTAC  AmC-jun-sense_1 
GTGAATCGCGAGAACAACAT  AmC-jun-sense_2 
GATCTGAACGAATGTCAGAG  AmC-jun-sense_3 
AAGGACCTGAAGCGAAAAAG  AmC-jun-sense_4 
GCGATTAGGACCTATACCAC  AmC-jun-sense_5 
GCGTTAAATAACGTCACTCC  AmC-jun-sense_6 
TTTTGAGCTCGCCAGATTTG  AmC-jun-sense_7 
ACTGAGTTCTCCAGAATTGG  AmC-jun-sense_8 
GTTCATTATCGCCCAACAAG  AmC-jun-sense_9 
GTAACGAATTTAGTGACGCC  AmC-jun-sense_10 
CGCAAATCTTGTTCCCGAAA  AmC-jun-sense_11 
ACCGAGGCGCAAGAATTGTA  AmC-jun-sense_12 
AGGTTTCGTCGACGCTTTGA  AmC-jun-sense_13 
GAGTTACACCATTCGGATAG  AmC-jun-sense_14 
CACAAGAACCTGGCAGTATT  AmC-jun-sense_15 
TGGAGCTACGTATACAACTT  AmC-jun-sense_16 
GCCGAACAGTGTACAAAGTA  AmC-jun-sense_17 
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Table 5 (cont.) 
 
AATCGTCAGTGAGTCAGGGT  AmC-jun-sense_18 
GATGCAGATCAAGGATGAAC  AmC-jun-sense_19 
TGCCAAGCGTATCGAGTTCA  AmC-jun-sense_20 
ATGTCTCCCATCGACATGGA  AmC-jun-sense_21 
TCAGGAAAGGATCAAGTTAG  AmC-jun-sense_22 
AGGAAACGTCAAAGGAATCG  AmC-jun-sense_23 
ATCCAAATGTCGCAGGCGTA  AmC-jun-sense_24 
CTTGAACGTATTTCCAGGCT  AmC-jun-sense_25 
AGGTTAAATTGCTGAAGGGC  AmC-jun-sense_26 
AACAGCGAATTAAGCGCTGT  AmC-jun-sense_27 
GCATAGATTGAAAGAGCACG  AmC-jun-sense_28 
TTAAAGGAGCAGGTGATGGA  AmC-jun-sense_29 
GTGCATTCTGGTTGTCAGAT  AmC-jun-sense_30 
CAGTTTCGGGTCAGTTCTGA  AmC-jun-sense_31 
GGGACTCTCCGACGTATATT  AmC-jun-sense_32 
TTCGTCTGATGGTGTCTATG  AmC-jun-sense_33 
CGCTTTTACAAATGCGACGA  AmC-jun-sense_34 
ATTCTGTTACCGAAACGAGG  AmC-jun-sense_35 
ACCATGGAATATCGATGTCG  AmC-jun-sense_36 
ACGTCGTTTTCAATTTCTCG  AmC-jun-sense_37 
GTTTTCGGGAAAGAAAGAGG  AmC-jun-sense_38 
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Table 5 (cont.) 
 
ACGGTGATGATCGTGCTTAA  AmC-jun-sense_39 
AGAAGAAAAAGAAGAAGGAG  AmC-jun-sense_40 
GAAGAAGAAAAAGGGAGTGC  AmC-jun-sense_41 
TGATGTACCGGATGACGTAA  AmC-jun-sense_42 
TAATCATTCGTATACTCGCG  AmC-jun-sense_43 
TCTCTTTGTGTGTGTCTGCT  AmC-jun-sense_44 
TTATGCATACGTGAAACGCG  AmC-jun-sense_45 
GAAAGACTGTAGGGAAAGTG  AmC-jun-sense_46 
TGGAAAAGGAAGGGGAAAGA  AmC-jun-sense_47 
GATAGAGAGAAATAGCGTCG  AmC-jun-sense_48 
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Figure 1. Schematic sagittal drawing showing the location of each brain area 
measured.   
 
 
Posterior Anterior 
Dorsal 
Ventral 
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Figure 2. Egr-1 expression in visual processing areas according to the mpWISH 
method in brains collected during the night compared to those collected during the day. 
Figures show Egr-1 expression (MGV) ± standard error of the mean (S.E.M.).  
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Figure 3.  Representative horizontal images of Egr-1 expression during the night (a) 
compared to the day (b) using the mpWISH protocol. 
 
a. 
 
 
 
 
 
 
 
 
b. 
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Figure 4. Egr-1 expression from whole brain homogenates taken either during the night 
or during the day according to qPCR. The figure shows relative Egr-1 expression ± 
standard error of the mean (S.E.M.). 
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Figure 5. Representative section of a stickleback brain stained for (a) a common 
nuclear fluorescent stain (DAPI) and (b) the honeybee cJun sense probes. DAPI is able 
to permeate the cell membrane, however, DAPI was unable to completely penetrate the 
whole mount tissue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
b. 
a. 
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CHAPTER 2: TABLES AND FIGURES 
Table 6.  48 mini probes 20bp in length created by Biosearch Technologies derived 
from the stickleback Egr-1 gene.  
    
Sequence 
Sequence 
Name 
(5' to 3')   
TACCCATTCTCCACCTCCAC  EGR1_1 
ACAGGCTGATTCAGGTAAAG  EGR1_2 
TAACGTATCTGCAGGGAGGT  EGR1_3 
CACAGTTAAAGGGGATATCA  EGR1_4 
GTCTGATCTCCCATCGACTT  EGR1_5 
AAGCGGCCTGTGTAAGAGAT  EGR1_6 
AGTGAACAGGCCCAGGATGG  EGR1_7 
TGGTCTGTGAGGCCATCAGA  EGR1_8 
ATCGATGCAGAGGAGGACGA  EGR1_9 
AAGAGGAAGAAGTGGAGGAC  EGR1_10 
AGGCTCTGAGATGAGGAGGT  EGR1_11 
ATTGTGGTGAATGGAGGAAC  EGR1_12 
AGCGGAGTAGATGGGGTTGG  EGR1_13 
AGTTGGGGCTGGAATAGGTT  EGR1_14 
CCTTGGTCCGGGAAGATGTC  EGR1_15 
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Table 6 (cont.) 
 
AGGAGGGTACTGCACACCTC  EGR1_16 
TCTTGCCATTGGGATAGGCA  EGR1_17 
ACAGGGAAGCTAGTGTTGCA  EGR1_18 
AAGAGGTAGTCGGGAATCAT  EGR1_19 
TGATCTCTCCCTGCTGCTGA  EGR1_20 
TTTTGATCCGGGGGCACCAG  EGR1_21 
TGGTTGGACTGACTCTGGAA  EGR1_22 
TTGATGGTGGACAGAGGAGT  EGR1_23 
AACCAGTCTGGGTGGCGAAG  EGR1_24 
GGTAGACACTCTTTAAGTCC  EGR1_25 
CTGGGCTTAATCAGCTGGGA  EGR1_26 
GGTGGGGTACTTGCGCATGC  EGR1_27 
TCGTGAGGTGGTGTCTTGCT  EGR1_28 
AATCGGCGATCGCACGTCTC  EGR1_29 
ATGTGGCGAGTCAGCTCATC  EGR1_30 
CTTCTGGCCAGTGTGGATAC  EGR1_31 
ATACAGATGCGGCACTGGAA  EGR1_32 
TGGTCGCTGCGGCTGAAGTT  EGR1_33 
AGTGCGGATGTGTGTCGTCA  EGR1_34 
ATCTCGCAGGCGAAGGGCTT  EGR1_35 
TCGTCACTGCGGGCAAACTT  EGR1_36 
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Table 6 (cont.) 
 
TGGATCTTTGTGTGCCTCTT  EGR1_37 
TTTCTTGTCCTTCTGCCGTA  EGR1_38 
ACCACTGCTCCCGTCTTTTC  EGR1_39 
AGGTGAGGAGGCTGATGTCG  EGR1_40 
ATGGGTGAAGGGTAGCTGGA  EGR1_41 
ACACTGGAGAGGGGTAGGAG  EGR1_42 
GTGACTGGAGAGGGATAGGA  EGR1_43 
TGGACCGGAGAGGAGTAGCA  EGR1_44 
TGGAAGGAGACGGATAGGAA  EGR1_45 
ATGGACACTGATGGGTAGGT  EGR1_46 
ATCTGGGACTGAAAGGTGCT  EGR1_47 
ACTGAGGAGGGAAAGGAAGA  EGR1_48 
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Table 7. Results of individual t-tests run on ln+1-transformed Egr-1 expression 
comparing each breeding stage to the tending fry stage. Significant differences are 
bolded. 
Brain area Breeding stage t-value df p-value 
Territorial 2.525 11 p<0.05 
Courtship -2.303 10 p<0.05 
Tending eggs -1.723 8 p>0.05 
Anterior hypothalamus 
Post fry 3.305 6 p<0.05 
Territorial -2.264 11 p<0.05 
Courtship -2.723 10 p<0.05 
Tending eggs -1.704 8 p>0.05 
Basolateral amygdala 
Post fry -4.288 6 p<0.01 
Territorial 2.487 11 p<0.05 
Courtship -2.148 10 p>0.05 
Tending eggs -2.108 8 p>0.05 
BNST/medial amygdala 
Post fry 3.689 6 p<0.05 
Territorial 2.863 11 p<0.05 
Courtship -2.177 10 p>0.05 
Tending eggs -1.669 8 p>0.05 
Hippocampus 
Post fry 3.160 6 p<0.05 
Lateral Septum Territorial -2.377 11 p<0.05 
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Table 7 (cont.) 
 
Courtship -2.354 10 p<0.05 
Tending eggs -2.763 8 p<0.05 
 
Post fry -4.974 6 p<0.01 
Territorial 2.152 11 p>0.05 
Courtship -1.941 10 p>0.05 
Tending eggs -2.173 8 p>0.05 
Nucleus accumbens 
Post fry 4.494 6 p<0.01 
Territorial 2.241 11 p<0.05 
Courtship -2.395 10 p<0.05 
Tending eggs -1.616 8 p>0.05 
Periaqueductal gray 
Post fry 3.909 6 p<0.01 
Territorial 2.476 11 p<0.05 
Courtship -2.589 10 p<0.05 
Tending eggs -2.248 8 p>0.05 
Preoptic area 
Post fry 4.373 6 p<0.01 
Territorial 2.231 11 p<0.05 
Courtship -2.412 10 p<0.05 
Tending eggs -1.622 8 p>0.05 
Ventral tegmental area 
Post fry 3.794 6 p<0.01 
Territorial 2.164 11 p>0.05 Ventromedial 
hypothalamus Courtship -2.537 10 p<0.05 
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Table 7 (cont.) 
 
Tending eggs -1.621 8 p>0.05  
Post fry 2.858 6 p<0.05 
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Figure 6. Schematic sagittal drawing of brain areas measured for Egr-1 expression 
during each of the five stages of the breeding cycle. Characters denote the specific 
areas measured.
 
 
Dorsal 
Ventral 
Anterior 
Posterior 
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Figure 7. Egr-1 expression in all brain areas across the breeding cycle. Figures show 
controlled mean gray value (MGV), a measurement of optical density. MGV is 
calculated as MGV of pixels in region of interest divided by the number of pixels. MGV 
reported here is MGV in the region of interest MGV minus background MGV. 
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Figure 8 (a-j). Egr-1 expression in the ten measured brain areas across the breeding 
cycle. Figures show Egr-1 expression (MGV) ± standard error of the mean (S.E.M.). * 
indicates a significant difference from the tending fry stage based on individual t-tests. 
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Figure 8 (a-j) (cont.) 
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Figure 8 (a-j) (cont.) 
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Figure 8 (a-j) (cont.) 
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Figure 8 (a-j) (cont.) 
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Supplemental table 1.  Egr-1 sequence obtained from Ensembl. 
 
CTCCCTGCAGATACGTTACCTGATATCCCCTTTAACTGTGAGAAGTCGATGGGAGA
TCAGACCTACCCCACCCAGAGGCTGCCCCCCATCTCTTACACAGGCCGCTTCACC
CTGGAGCCCGCCACCGCCTGCAGCAACAGCCTCTGGGCGGAGCCCATCCTGGGC
CTGTTCACTGGTCTGATGGGCAATATTGCCCCCAGCTCTTCCTCCGCCGCCTCACA
GACCACCTCGTCCTCCTCTGCATCGATCCCGTCCTCCACTTCTTCCTCTTCTACCT
CCTCATCTCAGAGCCTCAGTTCCTCCATTCACCACAATGAGCCCAACCCCATCTAC
TCCGCTGCCCCAACCTATTCCAGCCCCAACTCCGACATCTTCCCGGACCAAGGCC
AGGCTTTCCCCAGCTCGGGCGGAGGTGTGCAGTACCCTCCTCCTGCCTATCCCAA
TGGCAAGACCTGCAACACTAGCTTCCCTGTGCCCATGATTCCCGACTACCTCTTTC
CTCAGCAGCAGGGAGAGATCAGCCTGGTGCCCCCGGATCAAAAGCCCTTCCAGA
GTCAGTCCAACCAGCCGTCCCTCACTCCTCTGTCCACCATCAAGGCCTTCGCCAC
CCAGACTGGTTCCCAGGACTTAAAGAGTGTCTACCAGTCCCAGCTGATTAAGCCCA
GCCGCATGCGCAAGTACCCCACCCGGCCGAGCAAGACACCACCTCACGAGAGGC
CCTACGCTTGCCCCGTGGAGACGTGCGATCGCCGATTCTCCCGCTCCGATGAGCT
GACTCGCCACATCCGTATCCACACTGGCCAGAAGCCCTTCCAGTGCCGCATCTGT
ATGCGCAACTTCAGCCGCAGCGACCACCTGACGACACACATCCGCACTCACACCG
GTGAGAAGCCCTTCGCCTGCGAGATCTGCGGACGCAAGTTTGCCCGCAGTGACG
AGAGGAAGAGGCACACAAAGATCCACCTACGGCAGAAGGACAAGAAAGCGGAAAA
GACGGGAGCAGTGGTGGTGACGGCAGCGGCGGCGACATCAGCCTCCTCACCTGC
CTCCAGCTACCCTTCACCCATCACCTCCTACCCCTCTCCAGTGTCCTCCTATCCCT
CTCCAGTCACCTCCTGCTACTCCTCTCCGGTCCACACTTCCTATCCGTCTCCTTCC 
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Supplemental table 1 (cont.) 
ATCGCCACCACCTACCCATCAGTGTCCATGTCCAGCACCTTTCAGTCCCAGATCGC
CTCTTCCTTTCCCTCCTCAGTCGCCTCCGGGGGGGGGGGGGGGGGTGGAGGTGG
AGAATGGGTAGGGGGTGGGGGTGGGGGGGCTTTACCTGAATCAGCCTGTCGTAC
CTGCCCCGAGGCCCAC 
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Supplemental table 2. BLAST results for the 48 mini-probes. Shown are the specific 
probes’ sequence, genes with sequences matching specific probes, location of the 
nucleotide sequence match within the 20bps and their location (linkage group). Two 
genes (highlighted) matched more than one probe sequence; non-specific signaling is 
highly unlikely. 
 
Probe Sequence 
Matching 
Gene 
Sequence 
Match Group 
 EGR1_1 TACCCATTCTCCACCTCCAC EGR-1 1 to 20 IV 
  OBSL1 5 to 20 I 
  Sept2 (201) 6 to 20 III 
  Sept2 (202) 6 to 20 III 
  Sept2 (203) 6 to 20 III 
 EGR1_2 ACAGGCTGATTCAGGTAAAG KLHL38 2 to 16 X 
 EGR1_3 TAACGTATCTGCAGGGAGGT EGR-1 1 to 20 IV 
 EGR1_4 CACAGTTAAAGGGGATATCA EGR-1 1 to 20 IV 
 EGR1_5 GTCTGATCTCCCATCGACTT EGR-1 1 to 20 IV 
 EGR1_6 AAGCGGCCTGTGTAAGAGAT EGR-1 1 to 20 IV 
 EGR1_7 AGTGAACAGGCCCAGGATGG EGR-1 1 to 20 IV 
 EGR1_8 TGGTCTGTGAGGCCATCAGA EGR-1 1 to 20 IV 
 EGR1_9 ATCGATGCAGAGGAGGACGA EGR-1 1 to 20 IV 
  LMBRD2 3 to 20 NA 
  MRPL38 2 to 16 V 
  THOC5 3 to 17 XII 
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Supplemental table 2 (cont.) 
 
  HSP90AB1 1 to 15 XVIII 
 
EGR1_10 AAGAGGAAGAAGTGGAGGAC EGR-1 1 to 20 IV 
  PRR12 (1) 1 to 16 XI 
  RYR1 (2) 1 to 16 VII 
  Novel 2 to 16 II 
  Novel 6 to 20 VII 
  GNAI2 (2) 2 to 16 XVII 
  Novel 2 to 16 IV 
  Novel 2 to 16 XIX 
  Novel 2 to 16 XIX 
  Novel 2 to 16 XII 
  HSP90AA1 (2) 3 to 17 XVIII 
 
EGR1_11 AGGCTCTGAGATGAGGAGGT EGR-1 1 to 20 IV 
  CPSF3L 4 to 20 XII 
 
EGR1_12 ATTGTGGTGAATGGAGGAAC EGR-1 1 to 20 IV 
  HES5 3 to 18 XII 
 
EGR1_13 AGCGGAGTAGATGGGGTTGG EGR-1 1 to 20 IV 
 89 
Supplemental table 2 (cont.) 
 
 
EGR1_14 AGTTGGGGCTGGAATAGGTT EGR-1 1 to 20 IV 
 
EGR1_15 CCTTGGTCCGGGAAGATGTC EGR-1 1 to 20 IV 
 
EGR1_16 AGGAGGGTACTGCACACCTC EGR-1 1 to 20 IV 
 
EGR1_17 TCTTGCCATTGGGATAGGCA EGR-1 1 to 20 IV 
 
EGR1_18 ACAGGGAAGCTAGTGTTGCA EGR-1 1 to 20 IV 
 
EGR1_19 AAGAGGTAGTCGGGAATCAT EGR-1 1 to 20 IV 
 
EGR1_20 TGATCTCTCCCTGCTGCTGA EGR-1 1 to 20 IV 
  FAM70B (2) 4 to 19 I 
  Novel 4 to 19 V 
  NAGS (1) 6 to 20 XI 
  SH3BGRL 4 to 18 IV 
  RBM39 5 to 19 XVII 
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Supplemental table 2 (cont.) 
 
 
EGR1_21 TTTTGATCCGGGGGCACCAG EGR-1 1 to 20 IV 
 
EGR1_22 TGGTTGGACTGACTCTGGAA EGR-1 1 to 20 IV 
 
EGR1_23 TTGATGGTGGACAGAGGAGT EGR-1 1 to 20 IV 
  CHD4 (2) 2 to 19 XX 
 
EGR1_24 AACCAGTCTGGGTGGCGAAG EGR-1 1 to 20 IV 
 
EGR1_25 GGTAGACACTCTTTAAGTCC EGR-1 1 to 20 IV 
 
EGR1_26 CTGGGCTTAATCAGCTGGGA EGR-1 1 to 20 IV 
  NRBP1 (2) 1 to 15 II 
 
EGR1_27 GGTGGGGTACTTGCGCATGC EGR-1 1 to 20 IV 
 
EGR1_28 TCGTGAGGTGGTGTCTTGCT EGR-1 1 to 20 IV 
 
EGR1_29 AATCGGCGATCGCACGTCTC EGR-1 1 to 20 IV 
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Supplemental table 2 (cont.) 
 
 
EGR1_30 ATGTGGCGAGTCAGCTCATC EGR-1 1 to 20 IV 
 
EGR1_31 CTTCTGGCCAGTGTGGATAC EGR-1 1 to 20 IV 
  Novel 2 to 17 XVI 
 
EGR1_32 ATACAGATGCGGCACTGGAA EGR-1 1 to 20 IV 
  EGR-4 3 to 20 IX 
  EGR-2 4 to 20 VI 
  EGR-2 4 to 20 NA 
 
EGR1_33 TGGTCGCTGCGGCTGAAGTT EGR-1 1 to 20 IV 
  EGR-2 1 to 20 VI 
  BPTF (2) 5 to 20 XI 
  PAN3 6 to 20 XXI 
  KIAA0825 3 to 17 XII 
 
EGR1_34 AGTGCGGATGTGTGTCGTCA EGR-1 1 to 20 IV 
 
EGR1_35 ATCTCGCAGGCGAAGGGCTT EGR-1 1 to 20 IV 
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Supplemental table 2 (cont.) 
 
  ZNF646 (1) 3 to 18 XI 
  PRR5 (2) 2 to 16 IV 
  Novel 6 to 20 XII 
  Novel 5 to 19 I 
  
KCNMA1 (2, 
201) 5 to 19 VI 
  
KCNMA1 (2, 
203) 5 to 19 VI 
  
KCNMA1 (2, 
205) 5 to 19 VI 
  
KCNMA1 (2, 
206) 5 to 19 VI 
 
EGR1_36 TCGTCACTGCGGGCAAACTT EGR-1 1 to 20 IV 
  
HMGXB3 
(202)   
 
EGR1_37 TGGATCTTTGTGTGCCTCTT EGR-1 1 to 20 IV 
 
EGR1_38 TTTCTTGTCCTTCTGCCGTA EGR-1 1 to 20 IV 
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Supplemental table 2 (cont.) 
 
  TRPA1 (201) 2 to 16 XXI 
  TRPA1 (202) 2 to 16 XXI 
 
EGR1_39 ACCACTGCTCCCGTCTTTTC EGR-1 1 to 20 IV 
  GRIN3B (2) 2 to 16 XV 
 
EGR1_40 AGGTGAGGAGGCTGATGTCG EGR-1 1 to 20 IV 
  CNTN2 (201) 2 to 16 XVII 
  CNTN2 (202) 2 to 16 XVII 
  CNTN2 (203) 2 to 16 XVII 
  COX15 (202) 3 to 17 VI 
  ASCC2 6 to 20 XIII 
 
EGR1_41 ATGGGTGAAGGGTAGCTGGA EGR-1 1 to 20 IV 
 
EGR1_42 ACACTGGAGAGGGGTAGGAG EGR-1 1 to 20 IV 
 
EGR1_43 GTGACTGGAGAGGGATAGGA EGR-1 1 to 20 IV 
 
EGR1_44 TGGACCGGAGAGGAGTAGCA EGR-1 1 to 20 IV 
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Supplemental table 2 (cont.) 
 
  Novel 5 to 19 X 
 
EGR1_45 TGGAAGGAGACGGATAGGAA EGR-1 1 to 20 IV 
  METTL11B 1 to 15 VIII 
 
EGR1_46 ATGGACACTGATGGGTAGGT EGR-1 1 to 20 IV 
  LMTK2 1 to 15 XI 
 
EGR1_47 ATCTGGGACTGAAAGGTGCT EGR-1 1 to 20 IV 
 
EGR1_48 ACTGAGGAGGGAAAGGAAGA EGR-1 1 to 20 IV 
  NF2 4 to 20 XIII 
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Supplemental table 3. Forward and reverse primer sequences used for qPCR to 
measure Egr-1 expression compared to a control gene, GAPDH. 
 
Gene Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 
Egr-1 GTGCGATCGCCGATTCTC TTCTGGCCAGTGTGGATACG 
GAPDH CAGTCAAGAAGGCTGCACATG GGACACCACCTGGTCCTCTGT 
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Supplemental table 4.  48 mini probes 20bp in length created by Biosearch 
Technologies derived from the honeybee cJun gene.  
 
Sequence Sequence Name 
(5' to 3')  
TCATGGAGCAAACGTTCTAC  AmC-jun-sense_1 
GTGAATCGCGAGAACAACAT  AmC-jun-sense_2 
GATCTGAACGAATGTCAGAG  AmC-jun-sense_3 
AAGGACCTGAAGCGAAAAAG  AmC-jun-sense_4 
GCGATTAGGACCTATACCAC  AmC-jun-sense_5 
GCGTTAAATAACGTCACTCC  AmC-jun-sense_6 
TTTTGAGCTCGCCAGATTTG  AmC-jun-sense_7 
ACTGAGTTCTCCAGAATTGG  AmC-jun-sense_8 
GTTCATTATCGCCCAACAAG  AmC-jun-sense_9 
GTAACGAATTTAGTGACGCC  AmC-jun-sense_10 
CGCAAATCTTGTTCCCGAAA  AmC-jun-sense_11 
ACCGAGGCGCAAGAATTGTA  AmC-jun-sense_12 
AGGTTTCGTCGACGCTTTGA  AmC-jun-sense_13 
GAGTTACACCATTCGGATAG  AmC-jun-sense_14 
CACAAGAACCTGGCAGTATT  AmC-jun-sense_15 
TGGAGCTACGTATACAACTT  AmC-jun-sense_16 
GCCGAACAGTGTACAAAGTA  AmC-jun-sense_17 
AATCGTCAGTGAGTCAGGGT  AmC-jun-sense_18 
GATGCAGATCAAGGATGAAC  AmC-jun-sense_19 
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Supplemental table 4 (cont.) 
 
TGCCAAGCGTATCGAGTTCA  AmC-jun-sense_20 
ATGTCTCCCATCGACATGGA  AmC-jun-sense_21 
TCAGGAAAGGATCAAGTTAG  AmC-jun-sense_22 
AGGAAACGTCAAAGGAATCG  AmC-jun-sense_23 
ATCCAAATGTCGCAGGCGTA  AmC-jun-sense_24 
CTTGAACGTATTTCCAGGCT  AmC-jun-sense_25 
AGGTTAAATTGCTGAAGGGC  AmC-jun-sense_26 
AACAGCGAATTAAGCGCTGT  AmC-jun-sense_27 
GCATAGATTGAAAGAGCACG  AmC-jun-sense_28 
TTAAAGGAGCAGGTGATGGA  AmC-jun-sense_29 
GTGCATTCTGGTTGTCAGAT  AmC-jun-sense_30 
CAGTTTCGGGTCAGTTCTGA  AmC-jun-sense_31 
GGGACTCTCCGACGTATATT  AmC-jun-sense_32 
TTCGTCTGATGGTGTCTATG  AmC-jun-sense_33 
CGCTTTTACAAATGCGACGA  AmC-jun-sense_34 
ATTCTGTTACCGAAACGAGG  AmC-jun-sense_35 
ACCATGGAATATCGATGTCG  AmC-jun-sense_36 
ACGTCGTTTTCAATTTCTCG  AmC-jun-sense_37 
GTTTTCGGGAAAGAAAGAGG  AmC-jun-sense_38 
ACGGTGATGATCGTGCTTAA  AmC-jun-sense_39 
AGAAGAAAAAGAAGAAGGAG  AmC-jun-sense_40 
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Supplemental table 4 (cont.) 
 
GAAGAAGAAAAAGGGAGTGC  AmC-jun-sense_41 
TGATGTACCGGATGACGTAA  AmC-jun-sense_42 
TAATCATTCGTATACTCGCG  AmC-jun-sense_43 
TCTCTTTGTGTGTGTCTGCT  AmC-jun-sense_44 
TTATGCATACGTGAAACGCG  AmC-jun-sense_45 
GAAAGACTGTAGGGAAAGTG  AmC-jun-sense_46 
TGGAAAAGGAAGGGGAAAGA  AmC-jun-sense_47 
GATAGAGAGAAATAGCGTCG  AmC-jun-sense_48 
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Supplemental figure 1. Schematic sagittal drawing showing the location of each brain 
area measured.   
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Dorsal 
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Supplemental figure 2 Egr-1 expression in visual processing areas according to the 
mpWISH method in brains collected during the night compared to those collected during 
the day. Figures show Egr-1 expression (MGV) ± standard error of the mean (S.E.M.).  
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Supplemental figure 3.  Representative horizontal images of Egr-1 expression during 
the night (a) compared to the day (b) using the mpWISH protocol. 
 
a. 
 
 
 
 
 
 
 
 
b. 
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Supplemental figure 4. Egr-1 expression from whole brain homogenates taken either 
during the night or during the day according to qPCR. The figure shows relative Egr-1 
expression ± standard error of the mean (S.E.M.). 
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Supplemental figure 5. Representative section of a stickleback brain stained for (a) a 
common nuclear fluorescent stain (DAPI) and (b) the honeybee cJun sense probes. 
DAPI is able to permeate the cell membrane, however, DAPI was unable to completely 
penetrate the whole mount tissue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
b. 
a. 
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CHAPTER 3: TABLES AND FIGURES 
Table 8.  48 mini probes 20bp in length created by Biosearch Technologies derived 
from the stickleback Egr-1 gene.  
 
    
Sequence 
Sequence 
Name 
(5' to 3')   
TACCCATTCTCCACCTCCAC  EGR1_1 
ACAGGCTGATTCAGGTAAAG  EGR1_2 
TAACGTATCTGCAGGGAGGT  EGR1_3 
CACAGTTAAAGGGGATATCA  EGR1_4 
GTCTGATCTCCCATCGACTT  EGR1_5 
AAGCGGCCTGTGTAAGAGAT  EGR1_6 
AGTGAACAGGCCCAGGATGG  EGR1_7 
TGGTCTGTGAGGCCATCAGA  EGR1_8 
ATCGATGCAGAGGAGGACGA  EGR1_9 
AAGAGGAAGAAGTGGAGGAC  EGR1_10 
AGGCTCTGAGATGAGGAGGT  EGR1_11 
ATTGTGGTGAATGGAGGAAC  EGR1_12 
AGCGGAGTAGATGGGGTTGG  EGR1_13 
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Table 8 (cont.) 
 
AGTTGGGGCTGGAATAGGTT  EGR1_14 
CCTTGGTCCGGGAAGATGTC  EGR1_15 
AGGAGGGTACTGCACACCTC  EGR1_16 
TCTTGCCATTGGGATAGGCA  EGR1_17 
ACAGGGAAGCTAGTGTTGCA  EGR1_18 
AAGAGGTAGTCGGGAATCAT  EGR1_19 
TGATCTCTCCCTGCTGCTGA  EGR1_20 
TTTTGATCCGGGGGCACCAG  EGR1_21 
TGGTTGGACTGACTCTGGAA  EGR1_22 
TTGATGGTGGACAGAGGAGT  EGR1_23 
AACCAGTCTGGGTGGCGAAG  EGR1_24 
GGTAGACACTCTTTAAGTCC  EGR1_25 
CTGGGCTTAATCAGCTGGGA  EGR1_26 
GGTGGGGTACTTGCGCATGC  EGR1_27 
TCGTGAGGTGGTGTCTTGCT  EGR1_28 
AATCGGCGATCGCACGTCTC  EGR1_29 
ATGTGGCGAGTCAGCTCATC  EGR1_30 
CTTCTGGCCAGTGTGGATAC  EGR1_31 
ATACAGATGCGGCACTGGAA  EGR1_32 
TGGTCGCTGCGGCTGAAGTT  EGR1_33 
AGTGCGGATGTGTGTCGTCA  EGR1_34 
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Table 8 (cont.) 
 
ATCTCGCAGGCGAAGGGCTT  EGR1_35 
TCGTCACTGCGGGCAAACTT  EGR1_36 
TGGATCTTTGTGTGCCTCTT  EGR1_37 
TTTCTTGTCCTTCTGCCGTA  EGR1_38 
ACCACTGCTCCCGTCTTTTC  EGR1_39 
AGGTGAGGAGGCTGATGTCG  EGR1_40 
ATGGGTGAAGGGTAGCTGGA  EGR1_41 
ACACTGGAGAGGGGTAGGAG  EGR1_42 
GTGACTGGAGAGGGATAGGA  EGR1_43 
TGGACCGGAGAGGAGTAGCA  EGR1_44 
TGGAAGGAGACGGATAGGAA  EGR1_45 
ATGGACACTGATGGGTAGGT  EGR1_46 
ATCTGGGACTGAAAGGTGCT  EGR1_47 
ACTGAGGAGGGAAAGGAAGA  EGR1_48 
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Table 9. Results of general linear models testing for the effect of stage, stimulus and 
their interaction on ln+1-transformed Egr-1 expression in each of the different brain 
areas. 
 
 Hippocampus  Basolateral 
amygdala 
 BNST/medial amygdala 
 F df P  F df P  F df P 
Stage 13.1 1,42 <0.01  18.7 1,42 <0.001  14.3 1,42 <0.001 
Stimulus 3.10 3,42 <0.05  1.35 3,42 >0.05  1.08 3,42 >0.05 
Stage*Stimulus 1.25 3,42 >0.05  2.84 3,42 <0.05  3.02 3,42 <0.05 
 
 
 Ventromedial 
hypothalamus 
 Anterior 
hypothalamus 
 Periaqueductal 
gray 
 F df P  F df P  F df P 
Stage 1.70 1,42 >0.05  5.12 1,42 <0.05  6.81 1,42 p<0.05 
Stimulus 6.55 3,42 <0.01  5.98 3,42 <0.01  3.15 3,42 p<0.05 
Stage*Stimulus 3.30 3,42 <0.05  2.74 3,42 0.055  4.30 3,42 p<0.05 
 
 Lateral Septum  Nucleus accumbens  Preoptic area 
 F df P  F df P  F df P 
Stage 7.78 1,42 <0.01  10.0 1,42 <0.01  9.24 1,42 p<0.01 
Stimulus 4.47 3,42 <0.01  2.58 3,42 >0.05  5.00 3,42 p<0.01 
Stage*Stimulus 3.59 3,42 <0.05  2.34 3,42 >0.05  3.80 3,42 p<0.05 
 
 Ventral tegmental 
area 
 F df P 
Stage 6.99 1,42 <0.05 
Stimulus 4.76 3,42 <0.01 
Stage*Stimulus 3.88 3,42 <0.05 
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Figure 9. Schematic sagittal drawing of brain areas measured for Egr-1 expression 
during each of the five stages of the breeding cycle. Characters denote the specific 
areas measured.
 
 
Anterior 
Posterior 
Ventral 
Dorsal 
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Figure 10. Number of bites by the focal male in response to the different stimuli during 
the courtship and tending fry stage. f indicates a statistically significant difference from 
the female stimulus after correction for multiple comparisons. 
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Figure 11. Number of nest visits by the focal male during the courtship and tending fry 
stages in response to the different stimuli. A line over the two stages indicates a 
statistically significant difference between breeding stages after correction for multiple 
comparisons. 
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Figure 12. Number of zig zag swims performed by the focal male in response to the 
different stimuli during the courtship and tending fry stages. f indicates a statistically 
significant difference from the female stimulus after correction for multiple comparisons. 
A line over the two stages indicates a statistically significant difference between 
breeding stages after correction for multiple comparisons. 
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Figure 13. Time spent orienting by the focal male to the different stimuli during the 
courtship and tending fry stages. f indicates a statistically significant difference from the 
female stimulus after correction for multiple comparisons, while m indicates a significant 
difference from the male stimulus. 
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Figure 14 a-j. Egr-1 expression in the ten measured brain areas during the courtship or 
tending fry stages with no stimulus or in response to each of the three different stimuli. 
Figures show Egr-1 expression measured by optical density ± S.E.M. A line over two 
stages indicates a statistically significant difference between breeding stages after 
correction for multiple comparisons. * indicates a significant difference from the no 
stimulus group. 
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Figure 14 a-j (cont.) 
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Figure 14 a-j (cont.) 
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Figure 14 a-j (cont.) 
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Figure 14 a-j (cont.) 
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Figure 14 a-j (cont.) 
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Figure 15a. Scatterplot showing the relationship between number of zig zag swims to a 
gravid female and Egr-1 expression, as measured by MGV, in the anterior 
hypothalamus (a) and periaqueductal gray (b) during the courtship stage  
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Figure 15b. 
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Figure 16. Scatterplot showing the relationship between the time spent orienting to the 
model predator and Egr-1 expression, as measured by MGV, in the hippocampus 
during the courtship stage.
 
 
 
 122 
 
REFERENCES 
 
Alger, S. J., Maasch, S. N., & Riters, L. V. (2009). Lesions to the medial preoptic 
nucleus affect immediate early gene immunolabeling in brain regions involved in 
song control and social behavior in male european starlings. The European Journal 
of Neuroscience, 29(5), 970-982. doi:10.1111/j.1460-9568.2009.06637.x; 
10.1111/j.1460-9568.2009.06637.x  
Amir, S., & Stewart, J. (1998). Induction of fos expression in the circadian system by 
unsignaled light is attenuated as a result of previous experience with signaled light: 
A role for pavlovian conditioning. Neuroscience, 83(3), 657-661.  
Anken, R., & Rahmann, H. (1994). Brain atlas of the adult swordtail fish: 
Xiphophorus helleri and of certain developmental stages (1st ed.). New York: 
VCH Pub.  
Aruna, A., Nagarajan, G., & Chang, C. F. (2012). Involvement of corticotrophin-
releasing hormone and corticosteroid receptors in the brain-pituitary-gill of tilapia 
during the course of seawater acclimation. Journal of Neuroendocrinology, 24(5), 
818-830. doi:10.1111/j.1365-2826.2012.02282.x; 10.1111/j.1365-
2826.2012.02282.x  
Bailey, D. J., & Wade, J. (2005). FOS and ZENK responses in 45-day-old zebra finches 
vary with auditory stimulus and brain region, but not sex. Behavioural Brain 
Research, 162(1), 108-115. doi:10.1016/j.bbr.2005.03.016  
 123 
Barber, I., & Nettleship, S. (2010). From 'trash fish' to supermodel: The rise and rise of 
the three-spined stickleback in evolution and ecology. Biologist (London), 57(1), 15-
21.  
Barkoulas, M., van Zon, J. S., Milloz, J., van Oudenaarden, A., & Felix, M. A. (2013). 
Robustness and epistasis in the C. elegans vulval signaling network revealed by 
pathway dosage modulation. Developmental Cell, 24(1), 64-75. 
doi:10.1016/j.devcel.2012.12.001; 10.1016/j.devcel.2012.12.001  
Batish, M., Raj, A., & Tyagi, S. (2011). Single molecule imaging of RNA in situ. Methods 
in Molecular Biology (Clifton, N.J.), 714, 3-13. doi:10.1007/978-1-61779-005-8_1; 
10.1007/978-1-61779-005-8_1  
Batish, M., van den Bogaard, P., Kramer, F. R., & Tyagi, S. (2012). Neuronal mRNAs 
travel singly into dendrites. Proceedings of the National Academy of Sciences of the 
United States of America, 109(12), 4645-4650. doi:10.1073/pnas.1111226109; 
10.1073/pnas.1111226109  
Beck, L. A., & Wade, J. (2009). Effects of estradiol, sex, and season on estrogen 
receptor alpha mRNA expression and forebrain morphology in adult green anole 
lizards. Neuroscience, 160(3), 577-586. doi:10.1016/j.neuroscience.2009.02.060; 
10.1016/j.neuroscience.2009.02.060  
Bretaud, S., Allen, C., Ingham, P. W., & Bandmann, O. (2007). p53-dependent neuronal 
cell death in a DJ-1-deficient zebrafish model of parkinson's disease. Journal of 
Neurochemistry, 100(6), 1626-1635. doi:10.1111/j.1471-4159.2006.04291.x  
Buntin, L., Berghman, L. R., & Buntin, J. D. (2006). Patterns of fos-like immunoreactivity 
in the brains of parent ring doves (streptopelia risoria) given tactile and nontactile 
 124 
exposure to their young. Behavioral Neuroscience, 120(3), 651-664. 
doi:10.1037/0735-7044.120.3.651  
Burkhardt, R. W.,Jr. (2005). Patterns of behavior: Konrad lorenz, niko tinbergen, and the 
founding of ethology.  
Burmeister, S. S., & Fernald, R. D. (2005). Evolutionary conservation of the egr-1 
immediate-early gene response in a teleost. The Journal of Comparative 
Neurology, 481(2), 220-232. doi:10.1002/cne.20380  
Burmeister, S. S., Munshi, R. G., & Fernald, R. D. (2009). Cytoarchitecture of a cichlid 
fish telencephalon. Brain, Behavior and Evolution, 74(2), 110-120. 
doi:10.1159/000235613; 10.1159/000235613  
Byrnes, J. J., Gleason, E. D., Schoen, M. T., Lovelock, D. F., Carini, L. M., Byrnes, E. 
M., & Bridges, R. S. (2011). Accelerated maternal responding following intra-VTA 
pertussis toxin treatment. Behavioural Brain Research, 223(2), 322-328. 
doi:10.1016/j.bbr.2011.04.048; 10.1016/j.bbr.2011.04.048  
Candolin, U. (2000). Increased signalling effort when survival prospects decrease: 
Male-male competition ensures honesty. Animal Behaviour, 60(4), 417-422. 
doi:10.1006/anbe.2000.1481  
Cerda-Reverter, J. M., Muriach, B., Zanuy, S., & Munoz-Cueto, J. A. (2008). A 
cytoarchitectonic study of the brain of a perciform species, the sea bass 
(dicentrarchus labrax): The midbrain and hindbrain. Acta Histochemica, 110(6), 
433-450. doi:10.1016/j.acthis.2008.01.001; 10.1016/j.acthis.2008.01.001  
 125 
Cerda-Reverter, J. M., Zanuy, S., & Munoz-Cueto, J. A. (2001). Cytoarchitectonic study 
of the brain of a perciform species, the sea bass (dicentrarchus labrax). I. the 
telencephalon. Journal of Morphology, 247(3), 217-228. doi:2-U  
Cerda-Reverter, J. M., Zanuy, S., & Munoz-Cueto, J. A. (2001). Cytoarchitectonic study 
of the brain of a perciform species, the sea bass (dicentrarchus labrax). II. the 
diencephalon. Journal of Morphology, 247(3), 229-251. doi:2-K  
Chakraborty, M., Mangiamele, L. A., & Burmeister, S. S. (2010). Neural activity patterns 
in response to interspecific and intraspecific variation in mating calls in the tungara 
frog. PloS One, 5(9), e12898. doi:10.1371/journal.pone.0012898; 
10.1371/journal.pone.0012898  
Charlier, T. D., Ball, G. F., & Balthazart, J. (2005). Sexual behavior activates the 
expression of the immediate early genes c-fos and zenk (egr-1) in 
catecholaminergic neurons of male japanese quail. Neuroscience, 131(1), 13-30. 
doi:10.1016/j.neuroscience.2004.09.068  
Cirelli, C. (2005). A molecular window on sleep: Changes in gene expression between 
sleep and wakefulness. The Neuroscientist : A Review Journal Bringing 
Neurobiology, Neurology and Psychiatry, 11(1), 63-74. 
doi:10.1177/1073858404270900  
Clayton, D. F. (2000). The genomic action potential. Neurobiology of Learning and 
Memory, 74(3), 185-216. doi:10.1006/nlme.2000.3967  
Cox, K. H., DeLeon, D. V., Angerer, L. M., & Angerer, R. C. (1984). Detection of mrnas 
in sea urchin embryos by in situ hybridization using asymmetric RNA probes. 
Developmental Biology, 101(2), 485-502.  
 126 
Crews, D. (2003). The development of phenotypic plasticity: Where biology and 
psychology meet. Developmental Psychobiology, 43(1), 1-10. 
doi:10.1002/dev.10115  
Dawkins, M. S., Halliday, T. R., & Dawkins, R. (1991). The tinbergen legacy conference 
on the tinbergen legacy oxford england uk march 20 1990  
de Jong, T. R., Chauke, M., Harris, B. N., & Saltzman, W. (2009). From here to 
paternity: Neural correlates of the onset of paternal behavior in california mice 
(peromyscus californicus). Hormones and Behavior, 56(2), 220-231. 
doi:10.1016/j.yhbeh.2009.05.001; 10.1016/j.yhbeh.2009.05.001  
Ekstrom, P. (1994). Developmental changes in the brain-stem serotonergic nuclei of 
teleost fish and neural plasticity. Cellular and Molecular Neurobiology, 14(4), 381-
393.  
Ekstrom, P., Holmqvist, B. I., & Panula, P. (1995). Histamine-immunoreactive neurons 
in the brain of the teleost gasterosteus aculeatus L. correlation with hypothalamic 
tyrosine hydroxylase- and serotonin-immunoreactive neurons. Journal of Chemical 
Neuroanatomy, 8(2), 75-85.  
Ekstrom, P., Honkanen, T., & Borg, B. (1992). Development of tyrosine hydroxylase-, 
dopamine- and dopamine beta-hydroxylase-immunoreactive neurons in a teleost, 
the three-spined stickleback. Journal of Chemical Neuroanatomy, 5(6), 481-501.  
Ekstrom, P., Nyberg, L., & van Veen, T. (1985). Ontogenetic development of 
serotoninergic neurons in the brain of a teleost, the three-spined stickleback. an 
immunohistochemical analysis. Brain Research, 349(1-2), 209-224.  
 127 
Ekstrom, P., & Ohlin, L. M. (1995). Ontogeny of GABA-immunoreactive neurons in the 
central nervous system in a teleost, gasterosteus aculeatus L. Journal of Chemical 
Neuroanatomy, 9(4), 271-288.  
Ekstrom, P., Reschke, M., Steinbusch, H., & van Veen, T. (1986). Distribution of 
noradrenaline in the brain of the teleost gasterosteus aculeatus L.: An 
immunohistochemical analysis. The Journal of Comparative Neurology, 254(3), 
297-313. doi:10.1002/cne.902540304  
Ekstrom, P., & Van Veen, T. (1984). Distribution of 5-hydroxytryptamine (serotonin) in 
the brain of the teleost gasterosteus aculeatus L. The Journal of Comparative 
Neurology, 226(3), 307-320. doi:10.1002/cne.902260302  
Fernald, R. D. (2012). Social control of the brain. Annual Review of Neuroscience, 35, 
133-151. doi:10.1146/annurev-neuro-062111-150520; 10.1146/annurev-neuro-
062111-150520  
Ferreira, T., & Rashband, W. (2011). ImageJ user guide. Http://imagej. 
Nih.gov/ij/docs/user-Guide.Pdf, 1.44  
Figueiredo, H. F., Bruestle, A., Bodie, B., Dolgas, C. M., & Herman, J. P. (2003). The 
medial prefrontal cortex differentially regulates stress-induced c-fos expression in 
the forebrain depending on type of stressor. The European Journal of 
Neuroscience, 18(8), 2357-2364.  
Francis, R. C., Soma, K., & Fernald, R. D. (1993). Social regulation of the brain-
pituitary-gonadal axis. Proceedings of the National Academy of Sciences of the 
United States of America, 90(16), 7794-7798.  
 128 
Gaffori, O., & Le Moal, M. (1979). Disruption of maternal behavior and appearance of 
cannibalism after ventral mesencephalic tegmentum lesions. Physiology & 
Behavior, 23(2), 317-323.  
Gammie, S. C. (2005). Current models and future directions for understanding the 
neural circuitries of maternal behaviors in rodents. Behavioral and Cognitive 
Neuroscience Reviews, 4(2), 119-135. doi:10.1177/1534582305281086  
Gewin, V. (2005). Functional genomics thickens the biological plot. Plos Biology, 3(6), 
949-953. doi:10.1371/journal.pbio.0030219  
Gibson, G. (2005). Evolution. the synthesis and evolution of a supermodel. Science 
(New York, N.Y.), 307(5717), 1890-1891. doi:10.1126/science.1109835  
Goodson, J. L. (2005). The vertebrate social behavior network: Evolutionary themes 
and variations. Hormones and Behavior, 48(1), 11-22. 
doi:10.1016/j.yhbeh.2005.02.003  
Gozdowska, M., Kleszczynska, A., Sokolowska, E., & Kulczykowska, E. (2006). 
Arginine vasotocin (AVT) and isotocin (IT) in fish brain: Diurnal and seasonal 
variations. Comparative Biochemistry and Physiology.Part B, Biochemistry & 
Molecular Biology, 143(3), 330-334. doi:10.1016/j.cbpb.2005.12.004  
Guo, S., Brush, J., Teraoka, H., Goddard, A., Wilson, S. W., Mullins, M. C., & 
Rosenthal, A. (1999). Development of noradrenergic neurons in the zebrafish 
hindbrain requires BMP, FGF8, and the homeodomain protein soulless/Phox2a. 
Neuron, 24(3), 555-566.  
 129 
Hairston, J. E., Ball, G. F., & Nelson, R. J. (2003). Photoperiodic and temporal 
influences on chemosensory induction of brain fos expression in female prairie 
voles. Journal of Neuroendocrinology, 15(2), 161-172.  
Harterink, M., Kim, D. H., Middelkoop, T. C., Doan, T. D., van Oudenaarden, A., & 
Korswagen, H. C. (2011). Neuroblast migration along the anteroposterior axis of C. 
elegans is controlled by opposing gradients of wnts and a secreted frizzled-related 
protein. Development (Cambridge, England), 138(14), 2915-2924. 
doi:10.1242/dev.064733; 10.1242/dev.064733  
Hasen, N. S., & Gammie, S. C. (2005). Differential fos activation in virgin and lactating 
mice in response to an intruder. Physiology & Behavior, 84(5), 681-695. 
doi:10.1016/j.physbeh.2005.02.010  
Hasen, N. S., & Gammie, S. C. (2006). Maternal aggression: New insights from egr-1. 
Brain Research, 1108(1), 147-156. doi:10.1016/j.brainres.2006.06.007  
Hasunuma, I., Toyoda, F., Kadono, Y., Yamamoto, K., Namiki, H., & Kikuyama, S. 
(2010). Localization of three types of arginine vasotocin receptors in the brain and 
pituitary of the newt cynops pyrrhogaster. Cell and Tissue Research, 342(3), 437-
457. doi:10.1007/s00441-010-1079-0; 10.1007/s00441-010-1079-0  
Heimovics, S. A., & Riters, L. V. (2006). Breeding-context-dependent relationships 
between song and cFOS labeling within social behavior brain regions in male 
european starlings (sturnus vulgaris). Hormones and Behavior, 50(5), 726-735. 
doi:10.1016/j.yhbeh.2006.06.013  
Heimovics, S. A., & Riters, L. V. (2007). ZENK labeling within social behavior brain 
regions reveals breeding context-dependent patterns of neural activity associated 
 130 
with song in male european starlings (sturnus vulgaris). Behavioural Brain 
Research, 176(2), 333-343. doi:10.1016/j.bbr.2006.10.023  
Hofmann, H. A. (2003). Functional genomics of neural and behavioral plasticity. Journal 
of Neurobiology, 54(1), 272-282. doi:10.1002/neu.10172  
Honkanen, T., & Ekstrom, P. (1991). An immunocytochemical study of the development 
of the olfactory system in the three-spined stickleback (gasterosteus aculeatus L., 
teleostei). Anatomy and Embryology, 184(5), 469-477.  
Itzkovitz, S., Lyubimova, A., Blat, I. C., Maynard, M., van Es, J., Lees, J., . . . van 
Oudenaarden, A. (2011). Single-molecule transcript counting of stem-cell markers 
in the mouse intestine. Nature Cell Biology, 14(1), 106-114. doi:10.1038/ncb2384; 
10.1038/ncb2384  
Kastner, S., & Ungerleider, L. G. (2000). Mechanisms of visual attention in the human 
cortex. Annual Review of Neuroscience, 23, 315-341. 
doi:10.1146/annurev.neuro.23.1.315  
Kelm, C. A., Forbes-Lorman, R. M., Auger, C. J., & Riters, L. V. (2011). Mu-opioid 
receptor densities are depleted in regions implicated in agonistic and sexual 
behavior in male european starlings (sturnus vulgaris) defending nest sites and 
courting females. Behavioural Brain Research, 219(1), 15-22. 
doi:10.1016/j.bbr.2010.12.003; 10.1016/j.bbr.2010.12.003  
Kinsley, C. H., & Lambert, K. G. (2006). The maternal brain. Scientific American, 294(1), 
72-79.  
Kinsley, C. H., & Lambert, K. G. (2008). Reproduction-induced neuroplasticity: Natural 
behavioural and neuronal alterations associated with the production and care of 
 131 
offspring. Journal of Neuroendocrinology, 20(4), 515-525. doi:10.1111/j.1365-
2826.2008.01667.x; 10.1111/j.1365-2826.2008.01667.x  
Kirkpatrick, B., Carter, C. S., Newman, S. W., & Insel, T. R. (1994). Axon-sparing 
lesions of the medial nucleus of the amygdala decrease affiliative behaviors in the 
prairie vole (microtus ochrogaster): Behavioral and anatomical specificity. 
Behavioral Neuroscience, 108(3), 501-513.  
Korzelius, J., The, I., Ruijtenberg, S., Prinsen, M. B., Portegijs, V., Middelkoop, T. C., . . 
. van den Heuvel, S. (2011). Caenorhabditis elegans cyclin D/CDK4 and cyclin 
E/CDK2 induce distinct cell cycle re-entry programs in differentiated muscle cells. 
PLoS Genetics, 7(11), e1002362. doi:10.1371/journal.pgen.1002362; 
10.1371/journal.pgen.1002362  
Kruuk, H. (2003). Niko's nature: The life of niko tinbergen and his science of 
animal behaviour Oxford Press.  
Lambert, K. G., Franssen, C. L., Bardi, M., Hampton, J. E., Hainley, L., Karsner, S., . . . 
Kinsley, C. H. (2011). Characteristic neurobiological patterns differentiate paternal 
responsiveness in two peromyscus species. Brain, Behavior and Evolution, 77(3), 
159-175. doi:10.1159/000326054; 10.1159/000326054  
Lee, A. W., & Brown, R. E. (2002). Medial preoptic lesions disrupt parental behavior in 
both male and female california mice (peromyscus californicus). Behavioral 
Neuroscience, 116(6), 968-975.  
Lee, A. W., & Brown, R. E. (2007). Comparison of medial preoptic, amygdala, and 
nucleus accumbens lesions on parental behavior in california mice (peromyscus 
 132 
californicus). Physiology & Behavior, 92(4), 617-628. 
doi:10.1016/j.physbeh.2007.05.008  
Lin, D., Boyle, M. P., Dollar, P., Lee, H., Lein, E. S., Perona, P., & Anderson, D. J. 
(2011). Functional identification of an aggression locus in the mouse hypothalamus. 
Nature, 470(7333), 221-226. doi:10.1038/nature09736; 10.1038/nature09736  
Lonstein, J. S., & De Vries, G. J. (1999). Sex differences in the parental behaviour of 
adult virgin prairie voles: Independence from gonadal hormones and vasopressin. 
Journal of Neuroendocrinology, 11(6), 441-449.  
Lonstein, J. S., Simmons, D. A., Swann, J. M., & Stern, J. M. (1998). Forebrain 
expression of c-fos due to active maternal behaviour in lactating rats. 
Neuroscience, 82(1), 267-281.  
Lonstein, J. S., & Stern, J. M. (1997). Role of the midbrain periaqueductal gray in 
maternal nurturance and aggression: C-fos and electrolytic lesion studies in 
lactating rats. The Journal of Neuroscience : The Official Journal of the Society for 
Neuroscience, 17(9), 3364-3378.  
Meitzen, J., Weaver, A. L., Brenowitz, E. A., & Perkel, D. J. (2009). Plastic and stable 
electrophysiological properties of adult avian forebrain song-control neurons across 
changing breeding conditions. The Journal of Neuroscience : The Official Journal of 
the Society for Neuroscience, 29(20), 6558-6567. doi:10.1523/JNEUROSCI.5571-
08.2009; 10.1523/JNEUROSCI.5571-08.2009  
Motta, S. C., Goto, M., Gouveia, F. V., Baldo, M. V., Canteras, N. S., & Swanson, L. W. 
(2009). Dissecting the brain's fear system reveals the hypothalamus is critical for 
responding in subordinate conspecific intruders. Proceedings of the National 
 133 
Academy of Sciences of the United States of America, 106(12), 4870-4875. 
doi:10.1073/pnas.0900939106; 10.1073/pnas.0900939106  
Nakao, N., Ono, H., & Yoshimura, T. (2008). Thyroid hormones and seasonal 
reproductive neuroendocrine interactions. Reproduction (Cambridge, England), 
136(1), 1-8. doi:10.1530/REP-08-0041; 10.1530/REP-08-0041  
Neal, J. K., & Wade, J. (2007). Courtship and copulation in the adult male green anole: 
Effects of season, hormone and female contact on reproductive behavior and 
morphology. Behavioural Brain Research, 177(2), 177-185. 
doi:10.1016/j.bbr.2006.11.035  
Neal, J. K., & Wade, J. (2007). Effects of season, testosterone and female exposure on 
c-fos expression in the preoptic area and amygdala of male green anoles. Brain 
Research, 1166, 124-131. doi:10.1016/j.brainres.2007.07.004  
Newman, S. W. (1999). The medial extended amygdala in male reproductive behavior. 
A node in the mammalian social behavior network. Annals of the New York 
Academy of Sciences, 877, 242-257.  
Numan, M. (1974). Medial preoptic area and maternal behavior in the female rat. 
Journal of Comparative and Physiological Psychology, 87(4), 746-759.  
Numan, M. (1986). The role of the medial preoptic area in the regulation of maternal 
behavior in the rat. Annals of the New York Academy of Sciences, 474, 226-233.  
Numan, M. (2006). Hypothalamic neural circuits regulating maternal responsiveness 
toward infants. Behavioral and Cognitive Neuroscience Reviews, 5(4), 163-190. 
doi:10.1177/1534582306288790  
 134 
Numan, M., & Sheehan, T. P. (1997). Neuroanatomical circuitry for mammalian 
maternal behavior. Annals of the New York Academy of Sciences, 807, 101-125.  
Numan, M., & Smith, H. G. (1984). Maternal behavior in rats: Evidence for the 
involvement of preoptic projections to the ventral tegmental area. Behavioral 
Neuroscience, 98(4), 712-727.  
Numan, M., & Insel, T. R. (2003). The neurobiology of parental behavior  
O'Connell, L. A., & Hofmann, H. A. (2011). The vertebrate mesolimbic reward system 
and social behavior network: A comparative synthesis. The Journal of Comparative 
Neurology, 519(18), 3599-3639. doi:10.1002/cne.22735; 10.1002/cne.22735  
O'Connell, L. A., Matthews, B. J., & Hofmann, H. A. (2012). Isotocin regulates paternal 
care in a monogamous cichlid fish. Hormones and Behavior, 61(5), 725-733. 
doi:10.1016/j.yhbeh.2012.03.009; 10.1016/j.yhbeh.2012.03.009  
Okuno, H. (2011). Regulation and function of immediate-early genes in the brain: 
Beyond neuronal activity markers. Neuroscience Research, 69(3), 175-186. 
doi:10.1016/j.neures.2010.12.007; 10.1016/j.neures.2010.12.007  
Okuyama, T., Suehiro, Y., Imada, H., Shimada, A., Naruse, K., Takeda, H., . . . 
Takeuchi, H. (2011). Induction of c-fos transcription in the medaka brain (oryzias 
latipes) in response to mating stimuli. Biochemical and Biophysical Research 
Communications, 404(1), 453-457. doi:10.1016/j.bbrc.2010.11.143; 
10.1016/j.bbrc.2010.11.143  
Ostlund-Nilsson, S., & Mayer, I. (2007). In Ostlund-Nilsson, Sara Mayer, Ian 
Huntingford,Felicity Anne (Ed.), The biology of other sticklebacks.  
 135 
Paul, M. J., Pyter, L. M., Freeman, D. A., Galang, J., & Prendergast, B. J. (2009). Photic 
and nonphotic seasonal cues differentially engage hypothalamic kisspeptin and 
RFamide-related peptide mRNA expression in siberian hamsters. Journal of 
Neuroendocrinology, 21(12), 1007-1014. doi:10.1111/j.1365-2826.2009.01924.x; 
10.1111/j.1365-2826.2009.01924.x  
Pereira, M., & Morrell, J. I. (2011). Functional mapping of the neural circuitry of rat 
maternal motivation: Effects of site-specific transient neural inactivation. Journal of 
Neuroendocrinology, 23(11), 1020-1035. doi:10.1111/j.1365-2826.2011.02200.x; 
10.1111/j.1365-2826.2011.02200.x  
Peter, R. E., & Gill, V. E. (1975). A stereotaxic atlas and technique for forebrain nuclei of 
the goldfish, carassius auratus. The Journal of Comparative Neurology, 159(1), 69-
101. doi:10.1002/cne.901590106  
Peter, R. E., Macey, M. J., & Gill, V. E. (1975). A stereotaxic atlas and technique for 
forebrain nuclei of the killfish, fundulus heteroclitus. The Journal of Comparative 
Neurology, 159(1), 103-127. doi:10.1002/cne.901590107  
Peterson, K. A., Nishi, Y., Ma, W., Vedenko, A., Shokri, L., Zhang, X., . . . McMahon, A. 
P. (2012). Neural-specific Sox2 input and differential gli-binding affinity provide 
context and positional information in shh-directed neural patterning. Genes & 
Development, 26(24), 2802-2816. doi:10.1101/gad.207142.112; 
10.1101/gad.207142.112  
Raj, A., Rifkin, S. A., Andersen, E., & van Oudenaarden, A. (2010). Variability in gene 
expression underlies incomplete penetrance. Nature, 463(7283), 913-918. 
doi:10.1038/nature08781; 10.1038/nature08781  
 136 
Raj, A., & Tyagi, S. (2010). Detection of individual endogenous RNA transcripts in situ 
using multiple singly labeled probes. Methods in Enzymology, 472, 365-386. 
doi:10.1016/S0076-6879(10)72004-8; 10.1016/S0076-6879(10)72004-8  
Rajan, K. E., Ganesh, A., Dharaneedharan, S., & Radhakrishnan, K. (2011). Spatial 
learning-induced egr-1 expression in telencephalon of gold fish carassius auratus. 
Fish Physiology and Biochemistry, 37(1), 153-159. doi:10.1007/s10695-010-9425-
4; 10.1007/s10695-010-9425-4  
Riters, L. V., Teague, D. P., Schroeder, M. B., & Cummings, S. E. (2004). Vocal 
production in different social contexts relates to variation in immediate early gene 
immunoreactivity within and outside of the song control system. Behavioural Brain 
Research, 155(2), 307-318. doi:10.1016/j.bbr.2004.05.002  
Robinson, G. E., Fernald, R. D., & Clayton, D. F. (2008). Genes and social behavior. 
Science (New York, N.Y.), 322(5903), 896-900. doi:10.1126/science.1159277; 
10.1126/science.1159277  
Rosen, G., O'Bryant, E., Matthews, J., Zacharewski, T., & Wade, J. (2002). Distribution 
of androgen receptor mRNA expression and immunoreactivity in the brain of the 
green anole lizard. Journal of Neuroendocrinology, 14(1), 19-28.  
Scotti, M. L., & Foster, S. A. (2007). Phenotypic plasticity and the ecotypic differentiation 
of aggressive behavior in threespine stickleback. Ethology, 113(2), 190-198. 
doi:10.1111/j.1439-0310.2006.01311.x  
Segaar, J. (1961). Telencephalon and behaviour in gasterosteus aculeatus. Behaviour, 
18((4)), 256-287. doi:10.1163/156853961X00169  
 137 
Sheehan, T. P., Cirrito, J., Numan, M. J., & Numan, M. (2000). Using c-fos 
immunocytochemistry to identify forebrain regions that may inhibit maternal 
behavior in rats. Behavioral Neuroscience, 114(2), 337-352.  
Stack, E. C., & Numan, M. (2000). The temporal course of expression of c-fos and fos B 
within the medial preoptic area and other brain regions of postpartum female rats 
during prolonged mother--young interactions. Behavioral Neuroscience, 114(3), 
609-622.  
Stein, L., & Bell, A. (2012). Consistent individual differences in fathering in threespined 
stickleback gasterosteus aculeatus. Current Zoology, 58(1), 45-52. doi:1674-5507  
Steine, E. J., Ehrich, M., Bell, G. W., Raj, A., Reddy, S., van Oudenaarden, A., . . . 
Linhart, H. G. (2011). Genes methylated by DNA methyltransferase 3b are similar in 
mouse intestine and human colon cancer. The Journal of Clinical Investigation, 
121(5), 1748-1752. doi:10.1172/JCI43169; 10.1172/JCI43169  
Sukikara, M. H., Mota-Ortiz, S. R., Baldo, M. V., Felicio, L. F., & Canteras, N. S. (2010). 
The periaqueductal gray and its potential role in maternal behavior inhibition in 
response to predatory threats. Behavioural Brain Research, 209(2), 226-233. 
doi:10.1016/j.bbr.2010.01.048; 10.1016/j.bbr.2010.01.048  
Topalidou, I., & Chalfie, M. (2011). Shared gene expression in distinct neurons 
expressing common selector genes. Proceedings of the National Academy of 
Sciences of the United States of America, 108(48), 19258-19263. 
doi:10.1073/pnas.1111684108; 10.1073/pnas.1111684108  
 138 
Wang, Z., Hulihan, T. J., & Insel, T. R. (1997). Sexual and social experience is 
associated with different patterns of behavior and neural activation in male prairie 
voles. Brain Research, 767(2), 321-332.  
White, S. A., Nguyen, T., & Fernald, R. D. (2002). Social regulation of gonadotropin-
releasing hormone. The Journal of Experimental Biology, 205(Pt 17), 2567-2581.  
Wilkinson, D. G., & Nieto, M. A. (1993). Detection of messenger RNA by in situ 
hybridization to tissue sections and whole mounts. Methods in Enzymology, 225, 
361-373.  
Wood, L. S., Desjardins, J. K., & Fernald, R. D. (2011). Effects of stress and motivation 
on performing a spatial task. Neurobiology of Learning and Memory, 95(3), 277-
285. doi:10.1016/j.nlm.2010.12.002; 10.1016/j.nlm.2010.12.002  
Wootton, R. J. (1976).   The biology of the sticklebacks . New York, London: 
Academic Press.  
Wootton, R. J. (1984). A functional biology of sticklebacks.  
Wulliman, M., F., Rupp, B., & Reichert, H. (1996). Neuroanatomy of the zebrafish 
brain: A topological atlas (1st ed.). Basel: Birkhäuser.  
 
